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Abstract 

Graphene has been attracting strong scientific and technological interest for its 

promising application in the development of biological and chemical sensors. The 

advantages of high carrier mobility, doping sensitivity and feasibility for device 

fabrication has made graphene an outstanding candidate material for the development 

of next generation biomedical sensors. Recently, a variable capacitor (varactor) based 

on graphene quantum capacitance effect has been studied for the capacitive sensing of 

target analytes, with the ultimate goal of wireless biomedical sensing. In this 

dissertation, the graphene varactors were investigated as a sensor platform to carry 

different surface functionalization for various molecules that are related to early 

disease diagnostics, demonstrating the potential in the research of passive wireless 

sensing devices.  

In Chapter 1, the background of graphene is introduced, including the structure, 

the history, the properties, and its application in the electronic device fabrication 

studies. The progress of graphene-based device in the field of semiconductor research 

is summarized with advantages and disadvantages, which leads to the motivation of 

this dissertation. In Chapter 2, the graphene varactor device is reviewed with the 

operation basis, the fabrication process, the device characteristics and the capability to 

carry various surface functionalization as an advanced sensing platform. In Chapter 3, 

a glucose sensor based on graphene varactor is developed with device characterization. 
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The device features capacitive signal of glucose in the sensing environment with high 

ionic strength. In a parallel comparison of a wired measurement, the passive wireless 

sensing of volatile organic compounds (VOCs) using graphene varactors is 

demonstrated in Chapter 4. The device performance in the resonant frequency shift 

was analyzed in a semi-empirical model, showing the reproducible and selective 

response upon the exposure to different VOC conditions. Finally, the work is 

summarized with future developments and improvements towards optimized wireless 

sensing based on graphene varactors in Chapter 5. A novel sensor array with multi-

VOC sensing capability is proposed for the application in real time breath monitoring.  
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CHAPTER 1: INTRODUCTION 

In this chapter, a research overview on graphene, a one-atom thick, two-dimensional 

sheet of carbon atoms is provided. The overview starts with a general description that 

includes the structure, history and synthesis techniques. The unique features of graphene 

are discussed to show the advantages over traditional materials, with an emphasis of its 

outstanding electronic properties. Owing to the versatility of graphene properties, the 

applications of graphene in the electronics study is reviewed and summarized, ranging 

from graphene transistors to biomedical sensors. Finally, an outline at the end of this 

chapter describes the goal of the dissertation.   

1.1  Graphene 

As the first two-dimensional (2D) atomic crystal that has been most widely studied, 

graphene has attracted enormous interest in both scientific and engineering fields. 

Graphene consists of a 2D single layer of carbon atoms packed in a hexagonal structure.1 

Due to the sp2 orbital hybridization, the carbon atoms form strong in-plane σC-C bonds with 

interatomic length of 1.42 Å and mutual angles of 120 degree, which form the rigid 

backbone of the hexagonal structure and provide structural, thermal and chemical stability. 

The unhybridized 2pz orbital perpendicular to the plane forms the π bond that contributes 

to the delocalized electron network and enables the interaction between graphene and 

substrates or surface adsorbates.2  

As shown in Figure 1-1 (a), the graphene lattice can be interpreted as two 

interpenetrating triangular sub-lattices, which the atoms of one sub-lattice (A, green) are 
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at the centers of triangles defined by the other (B, red).3 The unit cell of graphene is 

indicated in grey with standard unit cell vectors a1 (red) and a2 (blue) in the xy-plane, 

where x-axis is the zigzag (ZZ) direction and y-axis is the armchair (AC) direction. With 

the magnitude being |a1|=|a2|=2.4589 Å, the unit cell contains 2 carbon atoms at (0, 0) 

and (a1/3, 2a2/3), which gives a carbon areal density of 3.820 atoms Å-2.4  

The honeycomb lattice of graphene determines the band structure that can be 

derived from tight-binding Hamiltonian for electrons in graphene.5 As shown in Figure 1-

2(a), graphene features a dual cone band structure, in which the conduction and valence 

bands intersect at the zero energy point called the Dirac point.6 An unusual characteristic 

Figure 1-1 Atomic lattice structure of graphene. Graphene lattice consists of two interpenetrating 

triangular sublattices, in which sites of one sublattice (red) are at the centers of triangles defined by the 

other (green) with a carbon-to-carbon inter-atomic length of 1.42A°. (b) The σC-C orbitals are tied up in 

graphene’s in-plane covalent bonding. The remaining p orbital, oriented perpendicular to XY plane, 

hybridizes to form π bond. (c) Corresponding Brillouin zone in momentum space. The Dirac cones are 

located at the K and K’ points. Adapted from reference [3][4]. 
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of graphene is that the dispersion curve around the Dirac point at low energy that can be 

expressed as a linear function of the momentum: 

𝐸𝐸(𝑘𝑘) =  ℏ𝑣𝑣𝐹𝐹|𝑘𝑘|                            (1.1) 

where ℏ is the reduced Planck’s constant, 𝑣𝑣F (~108 cm s-1) is the Fermi velocity in graphene, 

𝑘𝑘 is the momentum relative to the K or K' points of the Brillouin zone, which are two non-

equivalent sets of three points that comprise the six points at the corners as shown in 

Figure 1-2(b) and 1-2(c). The energy dispersion relation in graphene is massless Dirac-

like, so electron transport is effectively governed by the relativistic Dirac’s equation, which 

arises from the electron-carbon interaction with the periodic potential of graphene’s 

honeycomb lattice.7  

The research on graphene for device application actually started in 2004 when the 

isolation of single layer graphene was firstly achieved from graphite by Geim and 

Novoselov, before which strictly 2D crystals were considered non-existing due to thermal 

Figure 1-2 Band structure of graphene. (a) Electronic dispersion in the honeycomb lattice. (b) Zoom-in 

of the band structure close to the K and K’ points showing the Dirac cones. (c) Linear model of energy 

dispersion: E(k)= ℏvF |k|. Adapted from reference [5][6]. 
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instability.8,9 In that work (for which Geim and Novoselov won the 2010 Nobel Prize in 

Physics), graphene layers were mechanically exfoliated by commercial adhesive tape 

from bulk graphite, and the exfoliation is still one of the major graphene production 

methods today. Ever since this discovery, extensive research work has been conducted 

on graphene and other emerging 2D materials for a new era of electronic devices.10 

The progress in graphene production with specifically desired properties has led the 

growing of graphene applications. There are several methods to prepare single layer 

graphene with various dimensions, shapes and quality for different purposes. For device 

fabrication, single layer graphene can be produced by mechanical cleavage of graphite, 

epitaxial growth on an insulator surface or chemical vapor deposition (CVD) directly on 

the surface of certain metals.11 

Micromechanical exfoliation is the earliest approach to successful isolation of 

monolayer graphene, with the advantages of low cost, high film quality and operational 

feasibility.8 Under the weak inter-layer van der Waals interaction of 2 eV/nm2, an adhesive 

tape can readily be used to repeat the stick-and-peel process and ultimately achieve 

monolayer graphene from a 1-µm-thick graphite flake.12 In this fabrication process, the 

graphene sample on the tape is then transferred onto a substrate with the aid of optical 

microscopy. To locate the flake visually, the substrate needs to produce an apparent 

contrast of the graphene which is about 12% by controlling the thickness of SiO2 on top 

of Si wafer.13 Mechanical exfoliation does have the drawback that glue residues from tape 

limit the carrier mobility in graphene, thus requiring post-deposition heat treatment and 
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cleaning on the sample.14,15 Nevertheless, because of the fact that the process starts 

from a single crystalline graphite source, micromechanical exfoliation is the graphene 

preparation method that produces the best graphene quality for exploratory device 

research purposes, with high electrical and structural quality and flakes sizes up to 100 

µm. However, the nature of exfoliation limits the scale of production level and motivates 

the need for large-scale and commercially available synthesis of graphene. 

The epitaxial growth of graphene is based on the thermal decomposition of silicon 

carbide (SiC) with weak Si bonding, so that a graphitized surface could form by the growth 

of graphitic layers on a SiC wafer.16,17 By thermal treatment of SiC at 1300 °C in vacuum, 

sublimation of silicon atoms and reorganization of carbon atoms lead to the formation of 

very thin graphene coatings over the surface of SiC wafers. The physical properties of 

graphene are influenced by the growth process, where high graphitization rate on the C 

terminated surface (0001) can result in high carrier mobility. Graphene growth on SiC can 

produce controllable layers and high quality, with crystallites size on the order of hundreds 

of micrometers.18,19 However, drawbacks exit in the high temperature process which is 

not well compatible with the silicon electronics technology, as well as the limitations of the 

high substrate cost and small wafer size for electronics production. In addition, the 

significant difference between graphene grown on Si-Face and C-Face, especially in the 

electrical properties, makes the epitaxial grown graphene less widely used for device 

applications. 
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Chemical vapor deposition (CVD) provides a promising approach to large-area 

uniform graphene films. 20  On transition metal surfaces (Ni, Cu) that can efficiently 

catalyze decomposition of hydrocarbons, nucleation of carbons occurs under low 

pressure of hydrocarbon gas, and then continuous single layer graphene forms with a 

small percentage of few layers.20,21,22 The CVD growth of graphene on Ni occurs by a C 

segregation or precipitation process that produces multi-layers graphene, whereas 

graphene on Cu grows by a surface adsorption process and usually form single-layer 

graphene. Although the complete process needs transfer from the metal support to the 

final substrate, wafer scale CVD production of graphene with high quality and lithography 

patterning capability demonstrates the great potential of its application in device 

fabrication.23,24 Other issues in CVD graphene growth includes the control of process 

cost, domain size, ripples and number of layers. In the graphene grown in KNDL, copper 

foil is utilized as the supporting metal due to the low solubility of carbon in copper and 

self-limiting growth which produces mostly monolayer materials. Methane (CH4), 

Figure 1-3 Graphene grown by different methods. (a) AFM image of single-layer graphene. Colors: dark 

brown, SiO2 surface; brown-red (central area), 0.8 nm height; yellow-brown (bottom left), 1.2 nm; orange 

(top left), 2.5 nm. Reprinted from reference [8]. (b) STM image of one monolayer of epitaxial graphene 

on SiC(0001). Reprinted from reference [17].(c) SEM image of CVD graphene on a copper foil. Reprinted 

from reference [20]. 
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hydrogen (H2) and argon are flowed into the quartz tube chamber at high temperature and 

controlled rate and pressure before the reduction of CH4 and the formation of single layer 

graphene.  

 So far, the CVD method is still the focus of graphene growth research for its large-

scale production, ability to allow transfer onto arbitrary substrates and its ability to produce 

consistent high-quality crystals. Perhaps the main challenge to integrate the CVD 

graphene for use in sensors is that a process is needed to remove the graphene from the 

sacrificial metal foil underneath and transfer it to the substrate of interest, and this process 

needs optimization and improvements to ensure the cost and graphene quality is 

maintained.25 

1.2  Properties of graphene 

Due to the band structure as a semi-metal with no band gap, the electrical properties 

of single layer graphene demonstrate exceptional properties compared to traditional 

materials, some of which reach theoretically predicted limits. As the most-often mentioned 

property, the carrier mobility at room temperature in exfoliated graphene is over 2×105 

cm2v-1s-1, while CVD graphene also shows mobility greater than 1×105 cm2v-1s-1 at room 

temperature (T = 300 K), showing the potential for high-quality factor devices.26,27 Such 

high mobility makes graphene an appealing candidate for electronic devices, by which the 

upper limit of mobility could be 4×104 cm2v-1s-1 with oxide substrate under graphene.28 

More importantly, the influence of chemical doping and temperature on graphene mobility 

is very limited, suggesting that the excellent transport properties can be maintained in the 
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presence chemical functionalization and surface adsorbates in the chemical sensors.29 

However, the high mobility results are mostly achieved with exfoliated graphene, of which 

the application may need inspection in the practical devices. After the transfer process, 

large-scale and patterned CVD graphene films could result in a sheet resistance of 

∼280 Ω per square with ∼80 per cent optical transparency.30 

Other than the electrical properties, graphene possesses remarkable other properties. 

For instance, the mechanical behavior of Young’s modulus in graphene is observed to be 

as high as 1 TPa with an intrinsic strength of 130 GPa and a breaking strength of ca. 42 

N/m.31 The ability to sustain high tension in a single graphene sheet could contribute to 

the development of pressure sensors and resonators. Monolayer graphene also 

possesses a high optical transparency with an absorption of ∼ 2.3% towards visible light.32 

The thermal conductivity of graphene is characterized with a value of ∼ 5000 W mK−1 

which outperforms carbon nanotubes in heat conduction. 33  For medical device 

development, the biocompatibility of graphene is also assessed by culture of the mouse 

fibroblast cell line (L-929), that metabolically active cells were found to adhere to and 

proliferate on the graphene surface.34  

As a 2D material, some of graphene’s properties can be strongly affected by the 

presence of surface adsorbed molecules, in terms of doping sensitivity. For example, 

water molecules on graphene surface have been known to induce a hole doping effect 

and shift the Dirac voltage positively in the graphene transistor as shown in the transfer 

characteristics (conductance vs. back-gate voltage, Vbg) in Figure 1-4.35 ,36  Other than 
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water molecules, gas molecules such as oxygen or ammonia have also been proved to 

cause charge doping effects on graphene, and these effects have been confirmed by 

Raman spectroscopy, electrical measurements (current vs. gate voltage, Ids-Vgs) and X-

ray photoelectron spectroscopy.37,38 Although the doping effects (often associated with 

surface contaminants and/or intercalation) could cause the performance variance in 

graphene devices that growth, ambient, and processing conditions could lead to 

significant difference in graphene characteristics, on the other hand, it is this very property 

that forms the underlying principle of graphene sensitivity for biological and chemical 

molecules.39 To achieve reproducible and reliable graphene devices, the performance 

variance induced by surface impurities should be avoided in the fabrication process, for 

which several efficient methods have been well investigated. 40 41 42 43  Such doping 

dependence in performance of graphene devices could be utilized as the sensitivity 

towards to certain target analytes, which is the sensing mechanism of graphene based 

Figure 1-4 Dependence of graphene properties on the surface doping. Transfer characteristic curves 

(conductance vs. back-gate voltage, Vgate ) of a graphene FET is illustrated with undoped (intrinsic) 

condition with Dirac point at zero gate voltage and doped conditions with shifted Dirac points. 
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electronic sensors. 44  Because of the zero band gap and atomic-scale thickness of 

graphene, the mismatch in the chemical potential caused by a small degree of surface 

adsorption is sufficient to provide an active doping level shift by donor or acceptor, which 

makes graphene sensors more sensitive than typical semiconductors.  

In general, comparing to other traditional semiconductor materials, graphene has 

advantages of electrical and thermal conductivity, transparency, mechanical strength, 

large detection area, relatively low cost, high bio-compatibility, and strong surface 

sensitivity making it an ideal material for the sensor development and fabrication with high 

quality factor and electrical readout capability. 

1.3  Applications of graphene in electronic sensors 

For the extraordinary electrical properties, graphene electronic applications are being 

developed with a broad interest in different research fields, including graphene field-effect 

transistor (GFET) sensors, chemiresistors and flexible electronics which all contribute to 

the development of graphene-based chemical and biological sensing platforms for 

analytes both in gas phase and liquid phase. Significant work has been carried out to 

explore the label-free detection sensing platforms using graphene electronics, based on 

the principle of graphene sensors that target molecules, functioning as either electron 

acceptors or donors, could adsorb on the graphene surface with or without 

functionalization and therefore cause a detectable change of electrical properties.  

1.3.1  Configurations of graphene sensors 
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For the label-free detection purpose, the chemiresistor is one of the most widely used 

configurations due to its simple fabrication process and direct electrical readout 

capability. 45  As shown in Figure 1-5, a chemiresistor consists of metal contacts and 

graphene channel, through which the current flow is measured. The simple structure 

brings the benefit of experiment control, that in the temperature dependent experiments 

a micro-sized hot plate could be integrated with the sensor for temperature control.46 By 

analyzing the resistance response under target molecule exposure in different 

concentrations, the sensitivity is defined as the relative resistance change per unit of the 

analyte concentration change. The characteristics of such graphene resistive vapor 

Figure 1-5 Graphene sensors based on chemiresistors. (a) Schematic of a chemiresistor device on SiO2 

substrate with source and drain electrodes and graphene serving as the channel. (b) Cross-sectional 

view of a graphene chemiresistor. (c) The graphene chemiresistor is characterized by the source-drain 

current vs. voltage, IS-D-VS-D for the graphene resistance change between pristine and doped status, in 

which the doping is induced by analytes (d) The normalized resistance shows a typical gas response 

when the target molecules causes a decrease in normalized resistance. 
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sensor could exhibit chemical discrimination over a variety of chemically diverse 

compounds even without surface functionalization to enhance selectivity, where analysis 

using machine learning based classification algorithms have been shown to generate 

incredible prediction accuracies using the principal component analysis. 47  The 

combination of signal analysis and machine learning suggests that the graphene 

chemiresistors can realize versatile, adaptable sensor systems capable of being used 

across multiple platforms and applications.  

Graphene field effect transistors (GFETs) are another significant platform for 

graphene sensors. Due to its high mobility, graphene exhibits a strong electric field effect 

and emerges as one of the potential candidates for high-speed transistors.4849 The drain 

current through graphene depends on the doping concentration of target analytes, either 

in the liquid or gas phase. However, the zero band gap and residual charge in graphene 

result in a low on-off current ratio (Ion/Ioff ~10 at 300K). To improve the on-off behavior, 

graphene can be patterned into graphene nanoribbons (GNRs) with narrow widths and 

smooth edges to induce a band gap that is caused by the quantum confinement in the 

small dimension.5051 The higher on/off ratio has been shown to increase the sensitivity of 

FET sensors based on carbon materials.52 The structure of GFET sensors varies upon 

different target analytes. A typical GFET gas sensor is as shown in Figure 1-6(a), where 

graphene serves as the conducting channel by bridging the source and drain electrodes 

with underlying doped Si as back gate through a thin dielectric layer.  By the 

adsorption/desorption of gas on graphene devices, the carrier concentration change can 
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be detected by monitoring the source–drain resistance as a function of the scanning gate 

voltage.53 In the liquid phase sensing environments, GFET sensor can be solution gated 

as illustrated in Figure 1-6 (b). Immersed in an electrolyte solution, GFETs act as highly 

sensitive electrical sensors with channel conductance depending on pH and biomolecule 

Figure 1-6 Graphene sensors based on field effect transistors. (a) Schematic of a GFET sensor on SiO2 

with doped Si serving as the back gate (b) Schematic of an electrolyte-gated GFET sensor on SiO2 (c) 

Cross-sectional view of the back gate GFET sensor. (d) Cross-sectional view of the electrolyte-gated 

GFET sensor. (e) Response of GFET in a typical ambipolar transfer characteristics. By scanning the 

gate voltage, the transfer characteristics of graphene can be shifted by the n-type doping or p-type 

doping induced from the analytes, of which the strength is determined by the analyte concentration.   
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concentrations.54 By changing the solution-gate potential, the sensor can be operated in 

either p-typed or n-type doping regions, which provide controllability in the sensing 

process. The solution gated GFETs provide the access to detect various chemical and 

biological molecules in the liquid environment.  

Due to the fact that graphene electronic sensors can be patterned into micro scale 

features, they provide numerous advantages over traditional sensors, one of which is the 

Figure 1-7 Graphene sensors on flexible substrates. (a) Schematic illustrating ZnO-Graphene 

chemiresistors with geometries of the ZnO NRs–Gr/M hybrid architecture in the release and 

bending states. (b) Variation in resistance changes of the device accompanying the repeated bending–

unbending cyclic test. (Inset) I–V curves for the device in the release (red/dotted line) and bending 

(black/solid line) states. (a)(b) reprinted from reference [60]. (c) Experimental apparatus of the 

electrolyte-gated CVD graphene sensor on PET. (d) The transfer curves in glucose detection for a 

bended substrate (the radius of the bending was 6.625 cm), similar to those for the flat substrate 

condition. (c)(d) reprinted from reference [61]. 
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capability of mass production and circuit integration using modern fabrication 

techniques.55 In addition, the exceptional mechanical flexibility and chemical robustness 

of graphene make it suitable for biomedical sensors on flexible substrates.565758 To obtain 

flexible graphene based devices, soft substrate made of polymer materials such as 

polyethylene terephthalate (PET) can be utilized instead of semiconductor substrates. As 

shown in Figure 1-7, both chemiresistor and GFET sensor fabricated on flexible 

substrates have achieved functional sensing performance without mechanical or electrical 

failure after repeated bending/relaxing, showing the promise for portable and wearable 

sensor applications. 59 60 61  With the increasing market of mobile and implantable 

electronic devices, the graphene sensors with on board integration and flexibility will 

definitely play an important role in consumer products.  

1.3.2  Graphene based gas sensors 

Among the various sensing applications of graphene-based electronics, the gas 

detection is the earliest and most extensively explored area. Gaseous adsorbates with 

different molecular structures could change the doping concentration of graphene in 

different ways. 62  Hall Effect measurements have shown that NO2, H2O and iodine 

function as p-type dopants and contribute holes, while NH3, CO and ethanol are n-type 

dopants and contribute electrons, which all alter the carrier density and conductance of 

graphene.63  Considering the p-type nature of graphene due to ambient environment 

doping, the p-type dopants like NO2 will withdraw the electrons from graphene and 
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increase its conductance, on the contrary a decreased conductance will be observed in 

graphene upon the n-type dopants adsorption.64 

The first graphene gas sensor was developed in 2007 for the detection of NO2.65 The 

microfabricated devices using mechanically-exfoliated pristine graphene were 

characterized by performing field-effect measurements under gas exposure, and the 

change of drain current versus gate voltage (Id-Vg) demonstrated a detection limit of 1 ppb. 

The ultimate sensitivity at room temperature is achieved due to the extremely low intrinsic 

noise of graphene, which suggested its promising potential for chemical detectors. 

 Ever since this pioneering work, a variety of target gases have been experimentally 

and theoretically studied in both graphene chemiresistor and GFET sensors, including 

NO2, NH3, CO2, H2, SO2, H2S, H2O and many others.66,67 Compared to the devices made 

from exfoliated graphene, the sensors based on CVD graphene benefit from high 

productivity while maintaining the gas sensitivity.68 The ultra-high sensitivity of graphene 

sensors was further confirmed by showing detection limits as low as 158 parts-per-

quadrillion (ppq) for a range of gas molecules at room temperature.69 As the other side 

of the high sensitivity of graphene, the sensor performance could also be influenced by 

interfering aspects of the sensing environment, including temperature, flow rate of target 

gases, atmospheric interference such as humidity, magnetic interference and the 

geometry of the graphene channel. For example, the adsorption of O2 molecules on 

graphene has been reported to change the electrical resistivity of monolayer graphene at 

room temperature in a p-type doping effect.70 Quantitative analysis of temperature and 
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humidity dependence has shown the influence on the drain current response of GFET 

sensors in NO2 and NH3 sensing experiments.71 In this case, water vapor and NO2 acted 

as electron acceptor on the graphene with stacked effects in conductance enhancement, 

while NH3 had the opposite effect and decreased the drain current. All the factors should 

be well considered in the development of graphene gas sensors with appropriate control 

or screening to diminish nonspecific sensing effects. 

The graphene gas sensor usually responds to the exposure of more than one gas at 

the same time. The selectivity of graphene electronic sensors is also reported based on 

different parameters, by comparing the effects of different gases on the same sensor. In 

a transistor based on pristine single-layer graphene, selective detection over different 

chemical vapors is achieved.72 In addition to the transfer current−voltage characteristic 

for gas sensing response, the low-frequency noise spectra were analyzed as a distinctive 

signature for gas selectivity as shown in Figure 1-8(a). The selectivity comes from the 

Figure 1-8 Selectivity and sensitivity of graphene gas sensors. (a) Noise spectral density SI/I2 multiplied 

by frequency f versus frequency f for the pristine graphene device in open air and under the influence of 

different vapors. Reprinted from reference[72]. (b) Measurement of dimethylmethylphosphonate(DMMP) 

at different concentrations with devices with sequence 1 or sequence 2. Reprinted from reference [73]. 
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specific traps and scattering centers in the graphene created by different gas molecules, 

as well as the noise affected by kinetics of the molecule in the adsorption/desorption 

process. The results indicate that selective gas sensing could be achieved in multiple 

sensing parameters besides direct electrical response, without surface functionalization 

or fabrication of an array of the devices.  

To enhance the performance including selectivity, sensitivity, recovery and response 

time, the effect of graphene surface functionalization has been evaluated by numerous 

groups for use in gas sensors. Single stranded Deoxyribonucleic acid (ssDNA) has proven 

to be an efficient sensitizing agent on the channel of GFET sensors in the gas sensing 

experiments towards several analytes that shares structural similarity.73  As shown in 

Figure 1-8(b), a rapid and enhanced gas response was achieved by the non-covalent 

functionalization of ssDNA serving as a concentrator of water and analyte molecules on a 

hydrophobic surface of graphene. Meanwhile, the metal-decorated graphene devices also 

showed similar improved performance in sensitivity and response time of hydrogen 

sensors by functionalization of nanoclusters and nanoparticles. 74 75  In the study for 

kinetics of ammonia adsorption and desorption process on nanoparticle decorated 

graphene, the activation energy was estimated and indicated that the metal nanoparticles 

result in sensor response enhancement by increasing the binding sites.76 Based on such 

mechanism of enhancing the interaction between gas molecules and graphene surface, 

the surface functionalization including DNA, nanoparticles or aromatic derivatives is 
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widely applied for the sensor performance optimization and provides direction for the 

future development of multi-target sensing devices. 

1.3.3  Graphene based biochemical sensors 

The detection for chemical and biological analytes in the liquid phase is more 

complicated than gas sensing, for which significant work has been carried out to explore 

the applications of graphene sensors.77  The GFETs with solution gate capability are 

preferred as a sensing platform due to their convenience of low gate voltage operation, 

which allows integration with standard microelectronic chips. GFET sensors also benefit 

from the ease of integration to microfluidic system, which greatly expand the applications 

in the multifunctional biological systems in the future.7879 In the earliest solution-gate field 

effect transistor as pH sensor, the graphene channel conductance is modulated by 

applying a gate potential using Ag/AgCl as a reference electrode, across the dielectric of 

electrolyte solution.80 With the pH value increased in the buffer solution, a positive shift 

was observed in the Dirac point of conductivity versus gate potential measurements. The 

sensitive response of graphene sensor is based on surface potential that changed with 

ion density points. In later demonstrations, graphene transistor sensors with solution gate 

electrode have been developed into various electronic pH sensors with high reproducibility, 

low noise and high sensitivity.8182838485 

Based on the similar sensing mechanism of ion adsorption on graphene surface, 

solution-gate GFETs can also be utilized for metal ionic sensing. For the research interest 

of health-related heavy metal ion detection, a label free Hg2+ sensor was fabricated and 
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demonstrated a detection limit of 10 ppm. 86  Self-assembled 1-octadecanethiol 

monolayers were employed as the surface modification for the strong binding affinity thiol 

groups with heavy metal ions in solutions. Later, from a similar approach of GFET type 

sensors, the detection of Hg2+ was achieved on a flexible graphene sensor platform with 

rapid response (< 1 s), high sensitivity (detection limit of 10 pM) and selectivity.87 More 

importantly, specificity to Hg2+ ions was reported in real world samples, indicating the 

potential for detecting Hg2+ exposure in human and in the environment. Graphene based 

sensors were also reported for detection of the various ions in different sensing 

environments, including K+, Na+, and Pb2+.8889909192 

In the field of biological monitoring, graphene electronic biosensors have also 

demonstrated wide application with its large sensing area, ease of specific 

functionalization and unique sensing mechanisms. As early as 2010, label-free and 

sensitive DNAs detections have been reported using CVD-grown graphene based 

transistors and showed a detection sensitivity of 0.01 nM with capability of distinguishing 

single-base pair mismatch.93  In those works, probe DNA was pre-immobilized on the 

graphene surface as the functionalization, and after the hybridization with target DNA, the 

Dirac point is shifted to the negatively due to the n-type doping caused by the electron 

transfer from DNA to graphene. The device was also processed by Au nanoparticle 

decoration to extend the upper detection limit to 500 nM, due to the increased loading 

efficiency and capacity induced by the multiple probe association of Au nanoparticle. 

Numerous studies involving DNA sensing on graphene have illustrated the application of 
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GFETs as powerful detection platforms with remarkable limit of detection towards various 

analytes.94 The GFETs have also been widely investigated for the detection of biological 

molecules other than DNA. Many proteins can bind onto graphene with doping effects by 

π–π interaction or receptor combination, which provides access for detection. In a 

representative study, a label-free biosensor based on aptamer-modified GFETs have been 

presented for selective immunoglobulin E (IgE) detection.95 The negatively charged IgE-

specific aptamers on graphene binds to the IgE targets with positive charge and result in 

a decreased drain current. Similar GFET platforms have shown to be efficient in the rapid 

detection of various proteins after the process of engineered surface 

functionalization. 96 97 98  Employing the same features of graphene FET sensing 

mechanism, living cells, viruses and bacteria sensors have been successfully developed 

with high sensitivity and selectivity.99100101102103 

Among the biochemical molecules used in chemical sensors, glucose is one of the 

target analytes of the greatest interest due to its importance for diabetes diagnostic and 

monitoring purposes. To perform selective sensing of glucose, it has been shown that the 

enzyme of glucose oxidase (GOx) can be functionalized on the surface of a GFET via a 

linker molecule.104 GOx mediates the reaction of oxidation of glucose, and the product 

from the catalytic reactions, H2O2, acts as a p-dopant that can cause effective hole doping 

effect on graphene channel and increase the conductance of the sensor in the p-type 

regime. A limit of detection is observed for 0.1 mM, demonstrating the high detection 

sensitivity for glucose. As an improvement to the similar approach, Pt nanoparticles were 
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used to co-modify the graphene surface in addition to GOx and enhanced electrocatalytic 

activity that leads to a detection limit down to 0.5 μM.105 Instead of sensing the catalytic 

products, a graphene FET sensor was developed for glucose affinity-based detection.106 

With a p-type doping effect itself, pyrene-1-boronic acid with glucose binding ability was 

functionalized on the graphene channel and showed a negative Dirac point shift in the 

transfer characteristics upon glucose binding. All these discoveries make it possible to 

fabricate minimized GFETs for high performance nanoelectronics biosensors in the 

application of continuous glucose monitoring.  

One major challenge for the sensing in electrolytes is the Debye screening effect, 

which is an intrinsic thermodynamic characteristic of systems with mobile charges. The 

sensing mechanism based on graphene is primarily the sensing of charges induced by 

the analytes through surface adsorption, and thus will suffer from ionic screening due to 

Figure 1-9 Debye screening on a graphene sensor. The charged analytes beyond Debye length carry 

zero net charge due to the Debye screening effect of ions in electrolyte. 
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the mobile ions in electrolytes at the scale of the Debye length.107 The Debye length is 

defined by the particular distance required for screening the surplus net electrostatic effect 

before it being effectively screened down to 36.8%. As illustrated in Figure 1-9, the Debye 

screening layer consists of movable ions attracted to a charged surface. 108  In the 

aqueous solutions at room temperature, the Debye length is related to the ionic strength, 

and typically shows 0.7 nm in physiological conditions (1 × PBS solutions). With such 

strong screening effect, the sensing response was reported to be highly effected in the 

biochemical environments.109110 To overcome the fundamental limit of Debye screening, 

several strategies have been investigated especially in the graphene based sensors to 

improve the sensing performance, for example by designing surface functionalization with 

specific configuration and operating devices at high frequencies, which made significant 

progress towards the sensing in high ionic strength background.111112113114  

In general, the sensing mechanism of graphene electronic sensors for both gas and 

biochemical detection has been based on the change of carrier concentration status 

caused by the adsorbed target molecules on the graphene surface. Such change could 

occur by the direct charge or dipole doping from the adsorbed analytes, or by the carrier 

redistribution from the analyte adsorption within the graphene sheet, which can lead to a 

detectable electrical response. The surface functionalization is widely used for the 

enhancement of interaction between target molecules and graphene surface as well as 

the selectivity for certain analytes, therefore improving the performance of the graphene 

electronic sensors. 
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However, one critical drawback in the current major configurations of graphene 

sensors, either the chemiresistor platform or GFET platform, is the requirement of direct 

physical contact for electrical readout. Due to the enormous need of biomedical devices 

for in vivo sensing, such wired measurements greatly limit the application of graphene-

based sensors, which raises the call for advanced sensor development that integrates the 

wireless readout capability while maintaining all the advantages of graphene for 

conventional electronic sensors. 

1.4  Dissertation goal 

Due to its outstanding properties, graphene could perform a significant role in the 

device development for various applications. Based on the previous studies, graphene 

has already shown enormous potential for biosensing technologies and medical device 

development by applying the chemical surface functionalization on the surface. In this 

dissertation, a graphene sensing platform is developed and investigated towards 

biomedical target molecules in both liquid phase and gas phase with wireless sensing 

capability.  

In the second chapter, the discussion will be focused on the graphene device platform, 

including the operation basis, the sensor behavior and the surface functionalization on the 

device. The quantum capacitance effect of graphene, which is the main working principle 

to build a graphene variable capacitor (varactor), is described in detail. The varactor 

characteristics are demonstrated to illustrate the sensing parameters in the following 
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research. As the core part of device sensitivity, surface functionalization is reviewed with 

the mechanism as well as the performance. 

In the third chapter, the graphene varactor platform was introduced with a modified 

fabrication process that was specifically designed for the glucose sensing in electrolyte 

environment with high ionic strength. The chemical surface functionalization on graphene 

is discussed in both sensing mechanism and device characterization. With the customized 

experiment setup for the liquid phase measurements, the glucose sensing results in 

capacitance change are analyzed and discussed, indicating the potential for the 

development of wireless continuous glucose monitoring device.  

The fourth chapter will provide a thorough review of a wireless gas sensor study by 

utilizing the graphene varactor as the sensing platform. Starting from the sensor design 

and fabrication, the gas sensor, which integrates a graphene varactor and a spiral inductor 

to form a resonator with tunable resonant frequency, is demonstrated to work with the 

wireless sensing capability. The wireless measurement results were discussed for the 

target molecules of volatile organic compounds (VOC) that were selected with interest of 

early diagnostics application. Surface functionalization was applied on the graphene 

sensor for strategically differentiated sensitivity. With properly designed experiments, the 

performance of wireless sensors was analyzed for the gas response, in which the 

interaction between VOCs in the sensing experiments was indicated. A semi-empirical 

model was presented based on the wireless sensing results showing capability in wireless 

signal response rebuilt and VOC concentration predication. In addition to the wireless 
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sensing experiments, the result of a parallel wired measurement in capacitance response 

will be reviewed for a further understanding of the gas sensing process.  

Finally, the dissertation will be concluded with the emphasis of the motivation of the 

dissertation, which is to demonstrate the promise of wireless biomedical sensing 

application using functionalized graphene devices, the potential of optimization in both 

device performance and modeling, as well as the significant role graphene plays in the 

future of wireless sensor development for complex sensing environments. The directions 

and ideas are proposed for future perspectives in the research field of graphene based 

wireless biomedical sensors. 
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CHAPTER 2: GRAPHENE VARACTOR 

In the previous chapter, the sensing mechanism based on graphene is introduced, 

along with the reviews of both advantages and disadvantages in the major graphene 

electronic sensors for various target analytes. In order to build the sensing platform with 

wireless readout capability while keep the advantages of graphene electronic sensors, a 

novel capacitive graphene sensor is proposed as the key part of the sensitive resonator. 

A unique feature of graphene is that the linear dispersion around the Dirac point in the 

band structure, where the Fermi level is tunable by the doping level either electrostatically 

or chemically, leading to a tunable quantum capacitance. Based on the quantum 

capacitance effect of graphene, a capacitor with variable capacitance (varactor) can be 

reviewed from working principle to device structure. With similar doping sensitive behavior 

as the electrical response in traditional graphene sensors, graphene varactor will mediate 

the resonant frequency after the integration with an inductor. Finally, the functionalization 

approach is presented as a significant part of the sensing platform development. 

2.1  Graphene quantum capacitance effect 

The concept of quantum capacitance was firstly recognized as an important factor of 

devices in 1987. By developing an equivalent circuit model for devices that consist of a 

highly conducting two-dimensional electron gas (2DEG) with Fermi degeneracy energy, 

spacing between adjacent states was found to be much larger than that in common 

metals.115 Carriers will be accumulated when materials are being charged. Due to Pauli 



 

28 

 

Exclusion Principle, Fermi level will shift when carriers fill the orbitals from low energy to 

high energy. Such shift in charge density and energy level forms an equivalent capacitor 

for the external circuit. The quantum capacitance describes the analogous capacitive 

effect originated from the finite density of states (DOS) in materials like graphene and the 

extra energy needed to excite electrons to states with higher energy. For low dimension 

semiconductors, carrier density change caused significant Fermi level shift due to the low 

DOS, leading to an obvious quantum capacitance (CQ) effect.  

With the energy dispersion given in Eq. 1.1, the DOS of graphene could be expressed 

as  

𝑔𝑔(𝐸𝐸) = 𝑔𝑔𝑠𝑠𝑔𝑔𝑣𝑣
(2𝜋𝜋)2 ∫ 𝑑𝑑

2𝑘𝑘𝑘𝑘(𝐸𝐸 − ℏ𝑣𝑣𝐹𝐹𝑘𝑘) = 𝑔𝑔𝑠𝑠𝑔𝑔𝑣𝑣
2𝜋𝜋(ℏ𝑣𝑣𝐹𝐹)2

|𝐸𝐸|           (2.1) 

gs = gv = 2 stands for the spin and valley degeneracy.116 For Eq. 2.1, the DOS of graphene 

is in a linear dependence to the energy dispersion at a factor of 𝑔𝑔𝑠𝑠𝑔𝑔𝑣𝑣
2𝜋𝜋(ℏ𝑣𝑣𝐹𝐹)2

, which is about 

Figure 2-1 Fermi-level (EF) change in the band structure of graphene. DOS is linearly proportional to the 

energy from the Dirac point. As the Fermi-level moves away from the Dirac point, the density of states 

increases which leads to an increase of the quantum capacitance in graphene. 
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1.469×1014𝑐𝑐𝑐𝑐-2𝑒𝑒𝑒𝑒-2. When 𝐸𝐸=0, the value of (𝐸𝐸) is 0, indicating the non-existence of DOS, 

also known as the Dirac point. Considering the f(E) is the Fermi-Dirac distribution function 

given by  

𝑓𝑓(𝐸𝐸) = (1 + 𝑒𝑒(𝐸𝐸−𝐸𝐸𝐹𝐹) 𝑘𝑘𝑘𝑘⁄ )−1                    (2.2) 

where k is the Boltzmann constant, T is the absolute temperature, EF is the Fermi level, 

with the DOS expressed in Eq. 2.1, the 2D electron gas density in graphene can be 

calculated as 

𝑛𝑛 = ∫𝑑𝑑𝐸𝐸 𝑔𝑔(𝐸𝐸) 𝑓𝑓(𝐸𝐸) = 𝑔𝑔𝑠𝑠𝑔𝑔𝑣𝑣
2𝜋𝜋(ℏ𝑣𝑣𝐹𝐹)2 ∫ 𝑑𝑑𝐸𝐸 𝐸𝐸

1+𝑒𝑒(𝐸𝐸−𝐸𝐸𝐹𝐹) 𝑘𝑘𝑘𝑘⁄          (2.3) 

and the symmetric hole density could be given by 

𝑝𝑝 = ∫𝑑𝑑𝐸𝐸 𝑔𝑔(𝐸𝐸) [1 − 𝑓𝑓(𝐸𝐸)] = 𝑔𝑔𝑠𝑠𝑔𝑔𝑣𝑣
2𝜋𝜋(ℏ𝑣𝑣𝐹𝐹)2 ∫ 𝑑𝑑𝐸𝐸 𝐸𝐸

1+𝑒𝑒(𝐸𝐸+𝐸𝐸𝐹𝐹) 𝑘𝑘𝑘𝑘⁄       (2.4) 

Because the quantum capacitance CQ could be expressed as 

𝐶𝐶𝑄𝑄 = 𝜕𝜕𝑄𝑄
𝜕𝜕𝑉𝑉𝑎𝑎

= 𝑒𝑒2 𝑑𝑑(𝑛𝑛−𝑝𝑝)
𝑑𝑑𝐸𝐸𝐹𝐹

                        (2.5) 

where Q is the charge density consisting of both electrons and holes, Va is the local 

electrostatic potential.117 In 2D materials, the quantum capacitance comes in unit of 

F/m2. Taken Eq. 2.3 and Eq. 2.4, for finite temperature 

𝑑𝑑(𝑛𝑛−𝑝𝑝)
𝑑𝑑𝐸𝐸𝐹𝐹

= 2𝑘𝑘𝑘𝑘
𝜋𝜋(ℏ𝑣𝑣𝐹𝐹)2

ln [2 + 2cosh (𝐸𝐸𝐹𝐹
𝑘𝑘𝑘𝑘

)]               (2.6) 

Finally, after the combination of Eq. 2.5 and Eq. 2.6, the quantum capacitance could be 

expressed by 

𝐶𝐶𝑄𝑄 = 2𝑒𝑒2𝑘𝑘𝑘𝑘
𝜋𝜋(ℏ𝑣𝑣𝐹𝐹)2

ln [2 + 2cosh (𝑒𝑒𝑉𝑉𝑎𝑎
𝑘𝑘𝑘𝑘

)]                (2.7) 
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Eq. 2.7 provides the quantitative approach to analyze the quantum capacitance effect. 

When Fermi energy is at the Dirac point that EF = 0 eV, quantum capacitance is at the 

value given by   

𝐶𝐶𝑄𝑄 = 2𝑒𝑒2𝑘𝑘𝑘𝑘
𝜋𝜋(ℏ𝑣𝑣𝐹𝐹)2

ln4                        (2.8) 

Eq. 2.8 indicates that at Dirac point, the quantum capacitance in graphene still has a 

non-zero minimum value even DOS is zero, which agrees to the experimental 

measurement result.118 When Fermi energy is far away from Dirac point, EF≫kT, the 

approximation of quantum capacitance could be expressed by  

𝐶𝐶𝑄𝑄 = 2𝑒𝑒2𝐸𝐸𝐹𝐹
𝜋𝜋(ℏ𝑣𝑣𝐹𝐹)2

                          (2.9) 

The expression shows that the quantum capacitance is in a linear relation with Fermi 

energy or the local potential drop. As shown in Figure 2-2 (a), quantum capacitance in 

graphene was analyzed in both calculation and experimental measurements, which fits 

the theory well.119 Note that for the magnitude of DOS, the quantum capacitance is not 

negligible only in materials with low DOS, typically 2D and 1D materials, and can be hardly 

measured with thick oxide. 

The total carrier concentration in graphene can be calculated based on density of 

states as 

𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ∫𝑑𝑑𝐸𝐸 𝑔𝑔(𝐸𝐸)  =∫𝑑𝑑𝐸𝐸 𝑔𝑔𝑠𝑠𝑔𝑔𝑣𝑣
2𝜋𝜋(ℏ𝑣𝑣𝐹𝐹)2

|𝐸𝐸| = 𝐸𝐸2

𝜋𝜋(ℏ𝑣𝑣𝐹𝐹)2
           (2.10) 

Then the quantum capacitance in Eq. 2.9 could be expressed as follow with the carrier 

density ntotal 

𝐶𝐶𝑄𝑄 = 2𝑒𝑒2

√𝜋𝜋ℏ𝑣𝑣𝐹𝐹
�𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡                       (2.11) 
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The carrier density includes the carrier concentration nG caused by gate potential and the 

carrier concentration of charged impurities n*, which could be expressed by 

𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = |𝑛𝑛𝐺𝐺| + |𝑛𝑛∗|                      (2.12) 

Note that 

𝑛𝑛𝐺𝐺 = 𝑒𝑒2𝑉𝑉𝑎𝑎2

𝜋𝜋(ℏ𝑣𝑣𝐹𝐹)2
                          (2.13) 

Therefore, the quantum capacitance of graphene with doping effect could be given by 

𝐶𝐶𝑄𝑄 = 2𝑒𝑒2

√𝜋𝜋ℏ𝑣𝑣𝐹𝐹
(|𝑛𝑛𝐺𝐺| + |𝑛𝑛∗|)1 2⁄                   (2.14) 

The expression demonstrates that in a graphene capacitor, the quantum capacitance 

effect is determined by both the gate potential as well as the carrier doping effect, showing 

the tunable capacitance responding to gate voltage and surface doping. In a more 

accurate model towards quantum capacitance shown as Figure 2-2 (b), the concept of 

effective temperature is induced to quantify the magnitude of random potential fluctuations: 

Figure 2-2 Quantum capacitance fitting in graphene. (a) Experimental capacitance measurements(blue 

symbols) using a three-electrode electrochemical configuration with curve fitting(red line). Reprinted from 

reference [119]. (b) Experimental capacitance measurements(red symbols) using a metal-oxide-

graphene configuration with curve fitting(blue line) based on model with effective temperature. Reprinted 

from reference [121]. 
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𝐶𝐶𝑄𝑄 = 2𝑒𝑒2𝑘𝑘𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒
𝜋𝜋(ℏ𝑣𝑣𝐹𝐹)2

ln [2 + 2cosh (𝑒𝑒𝑉𝑉𝑎𝑎
𝑘𝑘𝑘𝑘

)]               (2.15) 

𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 = �𝑇𝑇02 + 𝑇𝑇2                        (2.16) 

where T is the measurement temperature and T0 is a parameter for random potential 

fluctuations in graphene.120 The model with effective temperature is proved equivalent to 

previous descriptions for potential fluctuations in the literature.121 

The doping sensitivity of graphene provides the possibility for sensing by employing 

quantum capacitance: With selective surface doping caused by the analytes at different 

concentration, quantum capacitance could be changed doping-dependently, which will 

produce detectable capacitive response. Equations above quantitatively shows the 

relation between quantum capacitance of graphene, magnitude of doping, and gate 

potential. From the description, the tunable quantum capacitance could function as one 

of the device characterization features, which is highly dependent on the charge doping 

of analytes. With tunable capacitance, the extremely-large capacitance per unit area, the 

high mobility and bio-functionalization selectively responding to analytes, graphene will 

make an ideal capacitive sensor with high quality factors. 

2.2  Graphene varactor overview 

To employ the capacitive sensitivity of graphene, the graphene varactor is utilized as 

the sensing platform. As early as 2011, the concept of graphene variable 

capacitor(varactor) is proposed based on the quantum capacitance effect for the passive 

wireless sensing applications.122 As illustrated in Figure 2-3 (a), the physical structure of 

graphene varactors is based on a metal-insulator-graphene structure with an inverted 
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geometry and a multi-finger layout to achieve sufficiently large capacitance while 

maintaining low series resistance.  

The quantum capacitance in Eq. 2.7 is the unit value, therefore the graphene 

quantum capacitance could be expressed by 

𝐶𝐶𝑄𝑄 = 2𝑒𝑒2𝑘𝑘𝑘𝑘
𝜋𝜋(ℏ𝑣𝑣𝐹𝐹)2

ln [2 + 2cosh (𝑒𝑒𝑉𝑉𝑎𝑎
𝑘𝑘𝑘𝑘

)] ∙ 𝐿𝐿𝑔𝑔𝑊𝑊𝑔𝑔𝑁𝑁𝑔𝑔           (2.17) 

Figure 2-3 The analytical view of graphene varactors. (a) The cross-sectional view of the graphene 

varactor with device parameters. (b) The top-view of the graphene varactor with a multi-finger layout 

showing the geometry of graphene area. 
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where Lg and Wg are the length and width of the gate fingers as indicated in Figure 2-3, 

Ng is the number of the gate fingers, which all defined the total area of gates electrodes.  

The equivalent circuit is built as shown in Figure 2-4 (b) to analyze the performance 

of the device.123 The gate capacitance is the combination of quantum capacitance and 

oxide capacitance. The capacitance of dielectric material is 

𝐶𝐶𝑂𝑂𝑂𝑂 = 3.9 ∙ 𝜀𝜀0
𝐸𝐸𝑂𝑂𝑘𝑘

∙ 𝐿𝐿𝑔𝑔𝑊𝑊𝑔𝑔𝑁𝑁𝑔𝑔                   (2.18) 

Figure 2-4 The structure of graphene varactors. (a) The physical schematic of a graphene varactor, 

which is based on a metal-insulator-graphene structure including gate and contact electrodes, graphene, 

HfO2 dielectric and SiO2 substrate. (b) The equivalent circuit of graphene varactor, including the 

resistance of contact metallization, contacts, gate metallization, and graphene channel, the parallel 

conductance, oxide capacitance and quantum capacitance. 
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that ε0 is the permittivity of free space and EOT is the equivalent dielectric oxide thickness 

between the metal gate electrode and graphene. Then the total varactor capacitance is 

the series combination of oxide capacitance and quantum capacitance, which can be 

expressed as 

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = �𝐶𝐶𝑄𝑄 + 𝐶𝐶𝑂𝑂𝑂𝑂�
1
2                    (2.19) 

Another important parameter is the channel resistance of the graphene varactor, 

which will vary as the doping density changes. In graphene the net carrier concentration 

is not uniformly distribute, which in the gate region is lower than in the extension due to 

the incomplete screening of the quantum capacitance effect. 123  Then the channel 

resistance of a graphene varactor could be expressed by 

𝑅𝑅𝑐𝑐ℎ = 1
4𝑒𝑒𝑒𝑒𝑊𝑊𝑔𝑔𝑁𝑁𝑔𝑔

∙ � 𝐿𝐿𝑔𝑔
𝑛𝑛𝑔𝑔−𝑡𝑡𝑡𝑡𝑡𝑡

+ 2𝐿𝐿𝑒𝑒𝑒𝑒𝑡𝑡
𝑛𝑛𝑒𝑒𝑒𝑒𝑡𝑡−𝑡𝑡𝑡𝑡𝑡𝑡

�               (2.20) 

where ng-tot and next-tot are the total carrier concentration in gate region and extension 

region respectively, Lext is the extension length by which graphene is not overlapped with 

gate electrode, and μ is the carrier mobilities. The series resistance, which highly influence 

the quality factor of the sensor, depends on the quality of gate metallization, source-drain 

metallization and source-drain contacts. The simulations were performed based on the 

device parameters to predict the behavior of a metal-oxide-graphene varactor, indicating 

the highly tunable capacitance while maintaining high quality factor.  

The first graphene varactor was fabricated in 2012, using a planarized local bottom 

gate electrode, HfO2 gate dielectric, and large-area CVD graphene.124  The graphene 

varactors demonstrated a room-temperature capacitance tuning range of 1.22–1 with an 
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excellent fit to the theoretical simulation of capacitance-voltage characteristics. After the 

significant first step towards the realization of wireless sensing platform by utilizing the 

quantum capacitance effect as device operation basis, the graphene varactors were 

studied with various characterization and analysis, which finally leads to the first wireless 

sensing outcome.125126127 The resonant frequency is found to respond to the water vapor 

concentration with a relative humidity (RH) range from 1% to 97% in a linear shift. Without 

further surface functionalization, the bare graphene sensor obtained the passive 

sensitivity of 5.7 kHz/%RH ± 0.3 kHz/%RH. The device also shows the fast response in 

resonant frequency to the changes in water vapor concentration with reversibility and 

stability after conditioning of repetitive humidity cycling. The results suggest the great 

potential of graphene quantum capacitance wireless sensors in the chemical and 

biological detection applications.  

As illustrated in Figure 2-5 (a), the graphene varactor device could be integrated with 

a spiral or planar inductor for signal transmission. A reading inductor is coupled near the 

sensing inductor to measure the impedance of the sensitive resonant oscillator circuit. 

The frequency-dependent input impedance is deducted in the study using the transformer 

equations for the inductively coupled circuit, which sets the basis of the future wireless 

sensing using graphene varactors: 

𝑍𝑍𝑖𝑖𝑛𝑛 = 𝑍𝑍1 + 𝜔𝜔2𝑚𝑚2

𝑍𝑍2+𝑅𝑅𝑠𝑠+1 𝑗𝑗𝜔𝜔𝐶𝐶𝐺𝐺�
                    (2.21) 

𝑍𝑍1 = 𝑅𝑅𝑖𝑖 + 𝑗𝑗𝜔𝜔𝐿𝐿1
1−𝜔𝜔2𝐿𝐿1𝐶𝐶1

                        (2.22) 

𝑍𝑍2 = 𝑗𝑗𝜔𝜔𝐿𝐿2
1−𝜔𝜔2𝐿𝐿2𝐶𝐶2

                             (2.23) 
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where Z1 is the impedance of the readout circuit, and Z2 is the impedance of the sensing 

inductor, ω is the angular frequency, Lx is the inductance of coil x (1 for reading and 2 for 

sensing), Cx is the inter-winding capacitance of coil x, Ri is the resistance of the reading 

coil, m is the mutual inductance between coils. The varactor series resistance and 

capacitance are marked by RS and CG respectively.  

 

Figure 2-5 The wireless operation of graphene sensors with varactor integration. (a) Scheme of a 

graphene varactor being integrated with a spiral inductor and a planar inductor respectively for wireless 

signal transmission. (b) The circuit diagram for the wireless sensing system with graphene varactor 

highlighted in red. The reading circuit is supposed to provide response in impedance reading for resonant 

frequency shift. 
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2.3  Capacitance characteristics of varactors 

The most important performance evaluation of graphene varactor is the Capacitance-

Voltage (CV) measurement for the characteristic tunable capacitance effect, in which the 

device capacitance is plotted vs scanning voltage by an Agilent B1500 semiconductor 

device parameter analyzer. As illustrated in Figure 2-6 (a), the type of carriers in graphene 

can be modulated by the field effect using the buried gate electrode. The inversed charge 

from gate electrical field will dope the graphene on the surface of the dielectric layer. 

Shown as Figure 2-6 (b) and (c), by scanning gate voltage (for example, from -2V to 2V) 

for capacitance measurement, the carriers in graphene is modulated from holes (in red) 

Figure 2-6 The Capacitance-Voltage characteristic of graphene varactors. (a) Diagram of a graphene 

varactor being modulated by the gate electrode that graphene is positively doped by the negative 

electrical gate field. (b) A typical ambipolar CV characteristics of a graphene varactor. The charge-

neutrality point (CNP) is located at the transition between the electron and hole regime, corresponding 

to the Dirac point in the band graphene where the quantum capacitance effect is dominant. (c) The CV 

measurement of a graphene varactor with tunable capacitance and intrinsic p-type doping. 
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to electrons (in blue) through the charge neutrality point which is corresponding to the 

Dirac point in the graphene band structure. Pristine graphene usually shows the p-type 

doping effect caused by the oxygen and water vapor, that a positive voltage (Dirac voltage) 

compensates the intrinsic holes to reach the Dirac point of graphene. The characteristic 

CV curve highly fits the theoretical model as described before, suggesting that the 

capacitance modulation is indeed due to the quantum capacitance effect. The quality 

factor of the graphene varactor can also be characterized simultaneously, indicating the 

high-quality factor when the device is operating near the Dirac voltage. 

 When the gate voltage is scanning forwards and backwards (from -2V to 2V to -2V), 

a hysteresis is observed as in Figure 2-7 (a). The crystal defects in dielectric and 

HfO2/graphene interface caused the charge trapping effected as illustrated in Figure 2-7 

(c), which leads to the hysteresis in the cycling voltage scan measurements. However, in 

the wireless sensing mode, no voltage scan is applied on graphene varactor that such 

charge trapping hysteresis will not exist. Due to the same reason, a slight frequency 

dispersion on the C-V curve can be observed at several measurement frequencies from 

75 kHz to 1000 kHz, which indicates that the varactor capacitance has mutual impact with 

the operating resonant frequency of the resonator though in a limited magnitude. Two 

parameters were the focus of measurements: The Dirac voltage on the curve could be 

utilized for the study of lateral shift in CV, and the capacitance at zero bias could be utilized 

for the study of wireless response in the resonant circuit. Both parameters were proved to 

determine the response in the wireless sensor that will be discussed in the later chapters 
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that the shift in Dirac point is supposed to be purely doping sensitive, while the shift in 

zero bias capacitance is supposed to be more complicatedly related to the structure of 

graphene varactor.  

2.4  Surface functionalization of graphene 

One major advantage of graphene sensors is the surface functionalization availability, 

which provide the potential to be engineered for certain target analytes. With either 

intended or unintended graphene functionalization, the sensitivity could be enhanced by 

Figure 2-7 The charge trapping effect in graphene varactors. (a) The CV characteristic of a graphene 

varactor by cycling voltage scan(-2V to 2V to -2V) shows the hysteresis. (b) The CV characteristics of a 

graphene varactor under different measurement frequencies. With increasing frequencies, the 

capacitance shows an increase dispersion (c) Diagram of charge trapping effect in the CV measurement 

of a graphene varactor. 



 

41 

 

increased binding interaction between graphene surface and target analytes.128 Although 

various functionalization from covalent approaches have been well developed and proved 

to be efficient on graphene, the extra lattice defects, perturbed electronic properties, and 

opened band gap from the covalent bonding limit its application in the graphene electronic 

devices functionalization.129130 For the sensors based on quantum capacitance effect, it’s 

necessary to keep the integrity of graphene structure without disrupting the electronic 

network and band structure of graphene. The aromatic system and surface planarity of 

the monolayer graphene provides the chemical functionalization possibility from non-

covalent approaches by interactions between graphene surface and the functionalization 

molecules, which will be the focus of discussion. 

2.4.1 Functionalization by π-π interactions 

The πinteractions are widely applied in microelectronic device design and fabrication, 

because π-systems can provide stable interactions to structure and properties of nano-

system with subtle changes in electronic properties or mechanical strength. 131  The 

strength of π-interactions varies due to the differences in the combined effect of attractive 

forces (electrostatic, dispersive, and inductive interactions) and repulsive forces 

(exchange repulsion), of which the π-π interaction is the most common non-covalent 

interaction. The π-π interaction is caused by the attractive force from negatively charged 

and diffuse electron clouds of the overlapping π orbitals and predominated by electrostatic 

energy dispersion interactions between π systems with similar electron densities.132133 

Induction interactions will lead to negative charge transfer as π-π interaction occurs 
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between electron-rich and electron-deficient systems. 134  With the various interaction 

involved, the energy of π-π bonding has been studied both theoretically and 

experimentally, and an estimate average energy of 2-3 kcal/mol by different methods 

indicates significant stability of such noncovalent attraction effect. 135 136 137  The direct 

measurement by AFM for π-π interaction between pyrene and graphite provides a 

strength of ~55 pN.138 With strong binding ability of aromatic molecules achieved by π-π 

interaction, chemical functionalization with doping effect enhancement on graphene 

surface is possible.  

As shown in Figure 2-8, Pyrene is a π-orbital-rich group that could form strong π-π 

stacking interactions with carbon materials surface including graphene and carbon 

nanotube, and therefore function as a common anchor group for graphene surface 

modification.139 For example, Pyrenebutanoic Acid Succinimidyl Ester (PASE) is one of 

the most widely used and commercialized linkers for graphene surface attachment. With 

Figure 2-8 Structure of a pyrene group A-B stacked on graphene sheet. The bond between two carbon 

atoms is abond = 1.44 Å. 



 

43 

 

pyrene group serving as surface anchor by π-π interaction, PASE is irreversibly adsorbed 

onto the inherently hydrophobic aromatic surfaces in an organic solvent (DMF or 

methanol), while the succinimidyl ester structure can react with primary and secondary 

amine groups, which are commonly found on a protein, to form amide bonds for the protein 

to be immobilized on aromatic surfaces.140141142143  The anchored linkers of PASE on 

aromatic surfaces are highly stable against desorption in aqueous solutions, and therefore 

provide access to nucleophilic substitution for a wide range of biomolecules with high 

specificity and efficiency. In the functionalization study of graphene varactors, the glucose 

oxidase, which anchored on graphene surface by PASE, was found to increase the tuning 

range of quantum capacitance suggesting that the surface functionalization could reduce 

the random potential fluctuation and effect the performance of graphene sensor.120 

Alternatives to PASE have also been realized successfully, among which N-

hydroxysuccinimidyl (NHS) ester tripod is specifically designed for antibody-

conjugation.144145 Featuring a structure of three-pyrene feet which provides exceptional 

stability by more π-π interactions, NHS-ester tripod benefits from high stability and large 

size to preserve tertiary structure of protein and prevent deformations, leading to surface 

anchored protein without bio-function loss.  

Other than proteins, pyrene linkers demonstrated successful anchor ability with 

various macromolecules. By utilizing pyrene phosphoramidite, DNA aptamer was 

functionalized on graphene surface in a GFET for selective detection of Escherichia coli 

with high sensitivity and low detection limit.146 The pyrene group could also be integrated 
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into polymer chains to prepare the graphene-polymer composites. The exclusive 

properties of various polymer, including pH sensitivity and thermosensitivity, greatly 

expand the advantages of graphene and demonstrate the potential of graphene 

functionalization by pyrene approach.147148 

As an alternative to the linker function, the pyrene derivatives were directly utilized 

as surface functionalization as a different approach from the macromolecules with 

selective binding ability. Pyrene-1-boronic acid (PBA), was applied on carbon nanotube 

transistors as the functionalization for glucose detection. 149  With the pyrene group, 

boronic acid could be self-anchored on graphene surface without linkers and make the 

charge doping occur a lot closer than Debye length, resulting in a detectable signal upon 

selective binding towards glucose. The modulation of the FET electronic properties in a 

glucose concentration dependent manner proved the feasibility of such direct 

functionalization. PBA could also be utilized on graphene varactors for glucose sensing, 

which will be discussed in Chapter 3. In general, pyrene derivatives will show promising 

improvements in the sensing applications based on graphene varactor platform, by 

selective binding affinity, closer doping effect, controllable properties and enzyme free 

features. 

2.4.2  Functionalization by van der Waals forces 

Besides π-π interaction, non-covalent functionalization by van der Waals forces is 

another important approach to improve the performance of graphene without destroying 

the band structure. The hydrophobic character of graphene promotes interactions of 
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graphene with hydrophobic molecules such as surfactants, organic molecules, or DNA. 

Due to the nature of weak molecule-surface bond, the functionalization based on van der 

Waals forces was usually more utilized on devices operating in the gas phase than in the 

liquid phase to avoid the degradation of surface functionalization. 

Although nucleobase π-π stacking exists, van der Waals is the dominance of 

interaction between ssDNA and graphene demonstrated by both experimental and 

theoretical data.150151 After ssDNA deposition on graphene surface, a significant shift in 

the VD was observed in the sensor arrays for chemical vapor detection purpose, 

suggesting the p-type doping effect of ssDNA.152 The DNA functionalized GFET sensors 

were able to differentiate among analytes with chemically similar structure, including a 

series of carboxylic acids, and structural isomers of carboxylic acids and pinene with high 

reproducibility. Polyhistidine-tagged Olfactory receptor proteins were also reported to be 

successfully functionalized onto carbon nanotubes with reversible, repeatable, and 

durable responses for vapor detection under ambient conditions.153 

The surface functionalization is able to form self-assembled monolayers (SAMs) 

under certain conditions, making it possible to tailor the electronic properties of graphene 

and the hydrophobicity of graphene surface. For example, oleylamine (OA) was reported 

self-assemble into ordered lamellar structures on both HOPG and graphene surfaces 

without decreasing the carrier mobility.154  The long alkyl chain od OA is supposed to 

assist the molecules to interact with the surface and to self-assemble into ordered 

structures. Similar SAMs process was observed in other functionalization molecules with 
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chain structure, which indicates an efficient approach to alter the polarity and doping of 

graphene by applying different functional groups.155156  

2.4.3  Chemical doping of graphene 

The purpose of graphene surface functionalization for sensing purpose is to achieve 

the selectivity and enhancement of the chemical doping caused by the target analytes. 

The chemical doping of graphene can be sorted into two categories: surface transfer 

doping and substitutional doping. 157  In the graphene sensors based on quantum 

capacitance effect, only surface transfer doping exists due to the fact that substitutional 

doping including N or B induced irreversible change in the graphene band structure.  

Surface transfer doping is caused by charge transfer between graphene and dopants 

which adsorb on the surface, therefore it does not disrupt the structure of graphene and 

can be reversible in by specific processing like annealing or soaking. In the sensing cases 

that the highest occupied molecular orbital (HOMO) of the analytes is higher than the 

Fermi level of graphene, electron transfers from dopant to graphene that the dopant 

caused n-type doping; when lowest unoccupied molecular orbital (LUMO) of the dopant 

Figure 2-9 Different types of doping based on graphene band structure. The relevant positions between 

Fermi level and HOMO-LUMO levels in dopants determines the type and degree of graphene doping. 
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of the analytes is lower than the Fermi level of graphene, electron transfers from graphene 

to dopant that the dopant caused p-type doping.158 The strength of doping effect can be 

measured by electrical conductivity, resistance or capacitance by graphene devices with 

the characteristic symmetric V-shaped curve with a minimum value due to the existence 

of zero band gap in graphene.159 The surface charge transfer is believed to be driven by 

both work function difference and the chemical interactions between dopants and 

graphene, in which chemical interaction highly depends on the distance from dopants to 

graphene.160  

From the molecular level, electron-accepting or hole-donating effect from analytes 

adsorbed on graphene surface can cause p-type doping. Br2 and I2 with unoccupied 

orbitals were reported to increase the holes density in graphene surface through charge 

transfer. 161  A strong electron acceptor, Tetrafluoro-tetracyanoquinodimethane (F4-

TCNQ), has been reported as a p-type dopant confirmed by the electrons transfer from 

graphene to F4-TCNQ at the interface.162 In addition, the magnitude of hole density can 

be controlled by the coverage of F4-TCNQ, which makes it an effective and stable p-type 

doping approach of graphene. 163  On the contrary, the charge transfer from electron 

donors causes n-type doping on graphene surface. Besides the electron-rich gases, metal 

atoms with low electron affinity adsorbed on graphene also show n-type doping effect 

functioning as charged-impurity scatterers in graphene and decrease the carrier 

mobility.164 Organic n-type dopants include polymer and aromatic molecules, which all 

feature electron-donating groups in common.165166 One particular n-type dopant is the 
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substrates under graphene, such as silicon carbide (SiC) and SiO2.167168169 Such intrinsic 

doping effect from substrates indicates that it is important to choose the proper substrate 

or dielectric materials for the performance control of graphene devices.  

Although numerous approaches have been studied for surface functionalization, 

considering the operation basis of quantum capacitance effect, several essential 

Figure 2-10 Wireless sensing scheme based on graphene varactors. (a) The selectivity towards target 

molecules achieved by the surface functionalization. The change in concentration (ΔM) causes the 

surface adsorption density of analytes. (b) The variable charge doping density (Δn) induced by analyte 

adsorption that causes Fermi level shift in graphene band structure. (c) Sensitive resonant frequency 

shift (Δf) of the wireless sensor. The Fermi level change in graphene modulates the capacitance of the 

resonator circuit. 
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prerequisites should be met for graphene varactor functionalization in sensing 

applications as shown in Figure 2-10:  

 (1) Functionalized molecules should have ability of specific detection and minimize 

nonspecific binding that graphene charge doping occurs selectively. Such 

selectivity could be achieved by the functionalization with the chemical groups 

that alter the affinity to target analytes, or with functional groups like succinimidyl 

ester that have the ability to link such selective molecules. The selectivity rises 

from the differentiation in polarity strength, hydrogen bonding ability and specific 

binding ability of graphene surface.  

(2) Variable surface charge doping on graphene should be achieved reversibly within 

the Debye length at a detectable strength. As described in the previous chapter, 

the variable charge doping effect constitutes the basis of graphene sensor, 

therefore it has to be effectively detected for signal readout. The doping could be 

generated from different origins: a. The altered charge distribution on graphene 

induced by neutral molecules with electron or orbital rich structures, for example, 

in adsorption of gas molecules; b. The charge produced by the combination of 

surface functional groups and target molecules; c. The charge produced by the 

reactions involved with target molecules catalyzed by the surface 

functionalization.  

(3) Functionalized molecules should have ability for durable and stable graphene 

surface attachment while not introduce defects to graphene, and most of which 
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contain large aromatic groups like pyrene for π-π interaction. The sp2 bonding 

nature of the graphene will not be disturbed, thus the band structure and 

quantum capacitance effects are preserved. 

(4) Graphene functionalization methods should be simple and reliable, better with 

commercial access such as PASE, PBA and ConA.  
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CHAPTER 3: CAPACITIVE GLUCOSE SENSING OF 

GRAPHENE VARACTORS  

In the previous chapters, graphene varactor operation basis was discussed along 

with the principles of surface functionalization and sensing mechanism. In this chapter, 

the graphene varactor is developed to be a glucose sensor with capacitive response. Due 

to the significance of in vivo glucose detection, the wireless continuous glucose monitoring 

(CGM) device has been attract enormous research interest. Based on the design 

specifically for the operation in electrolytes, graphene varactor is fabricated as a novel 

sensing platform for glucose detection. The key processes in the fabrication, including the 

graphene transfer and isolation layer process, were discussed for their influence on device 

performance. By using a liquid sensing system with a peristaltic pump, the measurements 

in high-ionic strength solution was performed and demonstrated a solid functional varactor 

device with tunable capacitance characteristics. Pyrene-1-boronic acid was applied as 

graphene surface functionalization for its selective binding capability towards glucose 

molecules. Finally, the capacitive response was analyzed for the glucose sensitivity with 

control experiments, showing the huge promise of graphene varactors for the CGM device 

development. 

3.1  Fabrication of graphene varactors  

3.1.1  Device Fabrication 

Graphene varactors were fabricated using the standard microelectronic fabrication 

techniques, of which the process flow is as shown schematically in Figure 3-1. As a start, 
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a layer of SiO2 in 500 nm was grown on Si substrate by thermal oxidation as the insulating 

field area. Due to the buried gate structure under the dielectric layer as indicated before, 

the gate electrode patterns were exposed and developed using photolithography for the 

following SiO2 recess etching. The SiO2 recessed regions of approximately 50 nm depth 

were etched for the gate electrode deposition, using a combination of reactive ion etching 

in SF6 and wet etching in buffered oxide etch (BOE). The gate electrode consists of a 

metallization layer of Ti/Pd (10/40 nm) deposited by electron-beam evaporation and was 

approximately planar with the surrounding SiO2 after liftoff process. A dielectric layer of 

HfO2 (8 nm) was then deposited by atomic-layer deposition (ALD) using the precursors of 

Tetrakis(dimethylamido)hafnium(IV) (TDMAH) and water vapor at 300 °C, followed by a 5 

minute anneal in nitrogen at 400 °C. For subsequently contact of the gate electrode, 

photoresist openings above the Pd gate metal were then patterned using photolithography, 

in which HfO2 was reactive-ion etched, followed by removal of the photoresist. 

Single-layer graphene was transferred onto the cleaned substrate in a wet transfer 

process. The graphene used in the device fabrication was grown on a polished copper foil 

by chemical vapor deposition. Before the transfer process, a layer of 4% 

polymethylmethacrylate (PMMA) in chlorobenzene was spin-coated onto graphene at 

3000 rpm for 60 seconds and hard baked at 180 °C for 10 minutes. The PMMA provides 

the strength support and protection in the transfer process, which will be further discussed 

in the next subchapter about its influence on device performance. A 15 second O2 plasma 

etching process was applied on the backside of the foil to remove the graphene and 
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expose the copper to the etchant. After etching in a solution of ferric chloride (20 mg 

FeCl3:100 ml DI H2O) overnight to remove the copper, the sample, including a graphene 

layer supported by PMMA, was transferred to 10% diluted hydrochloric acid for 1 hour to 

remove the copper ion residue. The sample was then rinsed three times in deionized 

Figure 3-1 The fabrication process of a graphene varactor for glucose detection. (a) The gate level 

showing SiO2 substrate and Pd gate electrode. (b) The dielectric level showing HfO2 dielectric layer. (c) 

The graphene showing defined active graphene area. (d) The contact level showing Au Ohmic electrode. 

(e) The pads level showing Al contact pads. (f) The isolation level showing SU-8 protection layer for 

measurements in solutions with high ionic strength. 
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water for 10 minutes. Using an aqueous transfer method, the graphene was transferred 

onto the cleaned substrate with pre-patterned gate electrodes and HfO2 dielectric layer. 

To achieve better adhesion and spread wrinkle on graphene, the sample was baked at 

80 °C for 30 minutes and 180 °C for 30 minutes. Finally, the PMMA was removed in 

acetone, followed by a careful isopropanol (IPA) and DI water rinse.  

By using photolithography and O2 plasma etching, the active area of the varactors 

was defined in the mesa process after the transfer process. On the graphene layer, ohmic 

contacts regions were defined using photolithography, in which Cr/Au (10/80 nm) was 

deposited using electron-beam evaporation and lifted off. A pad level with contact regions 

was designed for convenience of electrical probing by making contact to the gate and 

Ohmic electrodes in the device regions. After exposure and development, a thick 

Figure 3-2 The optical micrograph of a graphene varactor for glucose detection. The devices are 

fabricated using a buried gate electrode under thin HfO2 gate dielectric on a Si substrate with thick SiO2 

isolation layer. The approximate graphene location is highlighted for clarity  
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metallization layer of Cr/Al (10/300 nm) is deposited and lifted off, where the thicker metal 

was used in order to minimize parasitic resistance associated with the long contact lines.   

Finally, in addition to the previous fabrication process,124 to minimize the parasitic 

capacitance and prevent excess leakage through the electrolyte, a polymer isolation layer 

(SU-8) of 5 μm was spin-coated and photo-patterned on the entire chip surface for sensor 

application purpose. The extrinsic regions of the sensor are isolated from the electrolytes 

to protect the device. The SU-8 was hard baked at 250 °C in vacuum to make it insoluble 

in conventional solvents. An optical micrograph of a completed device is shown in Figure 

3-2. A total of 20 gate fingers were used, each with a length and width of 100 µm and 5 

µm, respectively. 

3.1.2  Graphene Transfer Process 

The graphene transfer process is the key process in the graphene varactor fabrication, 

because the quality of transferred graphene significantly determines the device 

performance. In the wet transfer of CVD graphene, the etchant is used to remove the 

copper foil underneath the graphene layer. Ferric chloride (FeCl3) and Ammonium 

persulfate (APS) are the most widely used etchant, both of which proved to etch the 

copper foil efficiently with the following mechanism: 

FeCl3 + Cu → CuCl2 + FeCl2                         (3.1) 

(NH4)2S2O8 + Cu → CuSO4 + (NH4)2SO4                   (3.2) 

However, both etchants show drawbacks in the graphene transfer. APS is a strong 

oxidant with a redox potential of 2.1 V, that such strong oxidation power of etchant involves 
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possible oxidation and extra etching in graphene.170171 On the other hand, Ferric chloride 

has a 0.77 V redox potential, which is milder than APS in the transfer process. However, 

strong residual contamination was observed in the graphene transferred with FeCl3.172 To 

investigate the exact influence of graphene transfer process on the performance of 

graphene varactor, an individual control experiment was conducted for detailed evaluation. 

Graphene varactor devices were fabricated using the similar process flow as 

described before. As the control parameter, the graphene in APS samples was transferred 

by 7g/L APS etching for 11 hours, while in FeCl3 samples graphene was transferred by 

50g/L FeCl3 etching for 11 hours (overnight). After the fabrication is completed, the optical 

pictures were taken for residual analysis as shown in Figure 3-3, which directly shows the 

difference in residual contamination. In the bright field image, there’s no significant 

difference between APS and FeCl3 samples. However, in the dark filed images, APS 

samples show less residue than FeCl3 samples by the count of the less random metal 

Figure 3-3 The optical micrograph of residual contamination on graphene varactors. (a) The bright 

field(top) and dark field (bottom) optical image of finger electrodes on APS samples. (b) The bright 

field(top) and dark field (bottom) optical image of finger electrodes on FeCl3 samples. 
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reflection spots. Such metal reflection spots in FeCl3 samples indicate the roughness of 

the metal finger electrode which is caused by the PMMA residue on graphene surface 

under the metallization layer.  

To further illustrate the difference in transfer processes, graphene varactors were 

characterized in CV measurements, with a scanning voltage from -2V to 2V at 1MHz. As 

shown in Figure 3-4, different transfer processes clearly caused performance variation in 

the graphene varactors with same geometry. The APS varactors demonstrate lower 

overall capacitance, which attributes to the fact that in the same etching time APS causes 

more over etching to the graphene than FeCl3, decreases the active graphene area which 

finally decreases the overall capacitance as described by Eq. 2.18 and 2.19. In addition, 

the strength of surface doping on graphene is different based on the Dirac voltage 

difference, suggesting the amount of residue in APS is less than FeCl3 leading to a more 

neutrally doped status.  

Figure 3-4 The CV characteristics of graphene varactors. The Dirac voltage in APS samples was less p-

type doped than FeCl3 samples. The overall capacitance in APS samples was also lower than the FeCl3 

samples, indicating the over etching by APS. 
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To achieve better evaluation, the statistics of device capacitance performance is 

analyzed as shown in Figure 3-5. The statics in Dirac voltage of graphene varactor 

confirms a systematic heavier p-type doping induced by FeCl3 transfer process than APS. 

From the CV data and device configuration parameters, the maximum capacitance per 

unit area is calculated. The general low unit capacitance in APS samples shows that the 

graphene is more over etched than in FeCl3 samples. The tuning range, defined by the 

ratio of maximum to minimum in capacitance, also shows a lower value in APS samples 

than in FeCl3 samples, proving the larger damage of graphene caused in the transfer 

process with stronger oxidation etchant.  

 With the statistics of device capacitance, the graphene transfer process using 

different etchant could be rebuilt as in Figure 3-6. Due to the stronger oxidation ability of 

APS, the graphene is more over etched than in the FeCl3 transferred samples with less 

residual contamination from the transfer process. By using FeCl3 transfer process, a 

higher effective graphene area in device is achieved at the price of more surface 

contamination. The purpose of device application should be considered in the transfer 

Figure 3-5 The performance statistics of graphene varactors. (a) The Dirac voltage statistics of control 

samples. (b) The unit max capacitance statistics of control samples. (c) The capacitance tuning range 

statistics of control samples. 
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process choice. For example, in the liquid sensing environment, it is appropriate to use 

the FeCl3 transfer process because high dielectric constant of solution will induce the 

capacitance interreference to graphene varactors, that a more effective graphene area is 

preferred for a better signal/noise level.  

3.2  Device functionalization and characterization 

3.2.1  Glucose sensing mechanisms 

The selective sensing of glucose requires the functionalization of graphene that 

provides specific binding to glucose molecules. To achieve stable, accurate and 

implantable glucose monitoring, the affinity sensing based on non-reactive equilibrium 

binding of analyte is preferred for its advantages of none analyte consumption, none 

sensing byproduct and the convenience of graphene doping.  

Figure 3-6 The transfer process using APS and FeCl3. Due to the different oxidation power of Cu etchant, 

graphene is over etched in different degrees with difference in surface residual contamination. FeCl3 

causes less graphene damage but leaves more residue. 
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Pyrene-1-boronic acid (PBA) was selected for its specific glucose binding ability. With 

large pyrene groups, PBA can be self-anchored on the graphene surface at a distance ~4 

Å without additional linker molecules needed and make the charge doping occur a lot 

closer than the Debye length in PBS buffer solutions (7.3 Å), resulting in better electrical 

signal on graphene varactor without being screened by counterions in the buffer solution. 

Other than the π-π stacking interaction between pyrene group and graphene, the 

saccharide selective binding ability of boronic acid group was proved and quantitatively 

Figure 3-7 The pH dependent equilibrium between glucose and pyrene boronic acid. (a) The ester 

formation equilibrium between boronic acid and glucose occurs more in pH higher than 7.5. (b) The acid 

dissociation constant of the boronic acid-glucose ester is 6.8. (c) The ester formation equilibrium between 

conjugate bases of boronic acid and glucose occurs more in pH higher than 10. (d) The acid dissociation 

constant of the pyrene boronic acid is 8.8. 
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evaluated in the 1950s and shows bio-recognition potential towards glucose. 173  A 

reversible formation of boronic esters by the interaction of boronic acids and polyols 

including glucose in water occurs with a pH dependent equilibrium as shown in Figure 3-

7.174 From the equilibrium shown in Figure 3-7 (a), ester formation as the glucose binding 

product is more favorable in solutions with high pH. When the pH is lower than 7.5, the 

boronic ester tends to decompose into boronic acid and glucose, by which the requirement 

in the lower limit of sensing pH for effective glucose combination arises. However, as the 

pH increases in equilibrium a, the boronic acid tends to form its conjugate base, the 

hydroxyboronate anion, with negative electrostatic charge that will dope the graphene 

without glucose exposure. As a result, the appropriate sensing pH should be precisely set 

with the lower limit of 7.5 to avoid false positive response and the upper limit of 8.8 to 

avoid false positive response in the sensing experiments. Due to the fact that formation 

of hydroxyboronate complexes of glucose is accompanied by a significant release of angle 

strain, resulting from the rehybridization of the boron from planar sp2 to tetrahedral sp3, 

the equilibrium of the reaction between glucose and PBA functionalized on graphene 

surface will be negatively influenced by the steric effect. Such steric effect makes the 

binding harder between glucose and functionalized PBS than the free molecules and 

raises the sensing pH range.  

With saccharides in aqueous media, boronic acid will readily form a boronate anion 

with stable cyclic ester structure on a selective covalent binding and affect the local 

electrostatic environment by pKa shift, which will finally lead to the electrostatic doping on 
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graphene surface.175 The doping effect caused by a pKa shift is supposed to shift the 

graphene electrical properties including transfer characteristics in a GFET and quantum 

capacitance in a graphene varactor, that will be detected in the electrical response of the 

sensor.  

3.2.2  Device functionalization of pyrene-1-boronic acid 

Functionalization of the graphene varactors was carried out by the self-assembly 

adsorption from acetonitrile solution containing PBA in the concentration range from 1 μM 

to 2 mM. Graphene varactor samples were incubated for 2 hours in the PBA acetonitrile 

solution, followed by rinsing with IPA and then DI water. After the surface functionalization, 

devices were characterized with CV measurements to confirm the success of the PBA 

functionalization and investigate the influence of PBA on the capacitance characteristics. 

All C−V measurements were performed in ambient atmosphere.  

As shown in Figure 3-8 (a), the shift in the Dirac voltage of the C−V curve provides 

indirect evidence for the presence of PBA on the graphene surface. The CV shows a p-

type doping effect on graphene induced by the PBA, which is consistent with the fact that 

boron atom is orbital rich and contribute the hole doping to graphene. The functionalization 

solution includes the solute of PBA and solvent of acetonitrile, which could both cause 

doping effect on the graphene. In a control experiment, pure acetonitrile was applied in 

the same process for the device incubation as the PBA solution, followed by the IPA/DI 

water cleaning and nitrogen drying. Be opposite to PBA acetonitrile solution, the pure 

acetonitrile was proved to leave a weak n-type doping as in Figure 3-8 (b) that is supposed 
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to be caused by the residue trapped in the gaps between graphene and substrate, 

indicated by the increased overall capacitance.  

To further confirm the reproducibility of such doping effect, a total of six varactors 

were tested for each PBA functionalization concentration to provide an estimate of the 

statistical variation in the Dirac voltage. The results of PBA functionalization were 

extracted and plotted as shown in Figure 3-8 (c) after the n-type doping shift from 

acetonitrile was compensated. It was found that for concentrations of PBA in acetonitrile 

starting from ∼0.1 mM, the surface functionalization resulted in a reproducible positive 

Figure 3-8 The PBA surface functionalization of graphene varactors. (a) The capacitance-voltage 

characteristics between pristine graphene devices and PBA functionalized devices. (b) The capacitance-

voltage characteristics between pristine graphene devices and pure acetonitrile-soaked devices. (c) 

Dirac voltage shift of graphene varactors functionalized with PBA solutions of different concentrations. 
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shift in the Dirac voltage that increased with PBA concentrations up to 2 mM, confirming 

the p-type doping from PBA. Furthermore, no significant degradation of the capacitance 

tuning ratio was observed after PBA functionalization, indicating that no covalent bonding 

occurs during functionalization consistent with previous requirement of retaining the 

integrity of graphene band structure.  

As shown in the statistics of CV measurements, low concentrations of PBA (<10 μM) 

were not sufficient to make observable shift on the Dirac voltage; at higher concentrations, 

a significant shift was achieved, and at 2 mM (the solubility limit of PBA in acetonitrile), 

the Dirac point in the capacitance characteristics was shifted by as much as +0.4 V. This 

p-type doping shift is the direct evidence of surface functionalization due to the hole-

donating behavior of PBA, consistent with the expectation that the boronic acid group 

contributes unoccupied orbital and decreases the electron density on the pyrene group 

attached to the graphene. Though saturation of the Dirac point shift was not observed in 

the CV measurement before the solubility limit was reached, the significant shift provided 

by the PBA provides a good indication that strong surface absorption is occurring.  

3.3  Experimental setup for flow measurements 

To measure the sensor response towards glucose in electrolytes, a sensor chip 

functionalized with 2mM PBA was placed in the chamber of a custom-built flow-cell test 

fixture as shown in Figure 3-9. For the purpose of effective electrostatic charge doping 

upon glucose exposure, the pH of PBS solution was adjusted to ~9.0 which is within the 

functional range of PBA-glucose sensing equilibrium. The PBS solution was prepared to 
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contain 3 different glucose concentrations (0, 2.0, and 5.0 g/L) for varactor response. 

Using a peristaltic pump via tubing connected to the chamber, the solution was cycled into 

and out of the test chamber.  

Figure 3-9 The scheme of graphene varactors measurement system. (a) and (b) Design of the flow 

chamber for continuous glucose sensing experiment. (c) Photograph showing sensor chip mounted on 

platform with flow chamber (disconnected) on top. The expanded view shows a micrograph of a typical 

sensor chip. The blue circle shows the sensing area under electrolyte exposure, while the green probing 

pads stretch out for measurement convenience. 
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The testing in PBS required significant measures to reduce interference from ambient 

electromagnetic signals. Therefore, after filling the flow cell with each solution pulse, 

valves were utilized to isolate the device and the test solution from the electrolytes in the 

long tubes connected to the peristaltic pump to eliminate the antenna effect of receiving 

interference. A detailed diagram of the flow cell geometry and sensor chip is provided as 

shown in Figure 3-10. Finally, measurements were performed by probing the contact pads 

of the varactors stretching out from the sensing area. By using an Agilent B1500A 

semiconductor parameter analyzer equipped with a capacitance measurement unit, 

capacitance−voltage characteristics of graphene varactors were measured under different 

glucose PBS solution pulses. All capacitance measurements were performed at a 

frequency of 1 MHz with an AC oscillator voltage of 50 mV rms.  

3.4  Glucose sensing results  

Figure 3-10 The experiment setup for glucose sensing measurements. The experiment setup includes 

the graphene varactor measurement system of device characterization, the flow control valves for 

electromagnetic interference filtering, and the peristaltic pump for analyte solution cycling. 
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To test the sensor response to glucose, the custom-built flow-cell test fixture 

described previously was utilized to measure the C−V characteristics as a response 

towards glucose concentration. Different glucose PBS solutions were pumped into the 

chamber sequentially to perform the sensing experiments, and for each concentration 20 

C−V sweeps were performed by applying a gate voltage Vg in a range of −2 to +2 V to 

test the sensor response as well its stability and reproducibility. The electric field between 

the gate electrode and the graphene mainly drops across the HfO2 dielectric layer, and so 

the surface potential difference is not high enough for electrolysis of water between the 

device structure and the electrolyte in the insulated chamber.  

Before the glucose sensing environment, the SU-8 protection effect was tested by 

characterizing the device before, during and after the measurement in electrolytes. Due 

to the applied voltage on the charged sensor in the electrolytes, an electrical double layer 

could be formed on the graphene surface which causes the increase in the overall 

Figure 3-11 The device performance before and after measurements in electrolytes. . (a) The 

capacitance characteristics of the same device before(red), during(black) and after(blue) 

measurements in PBS solution. Due to the protection from isolation layer, the electrolytes caused 

minimal irreversible influence on graphene varactor. (b) The quality factor before(red), during(black) 

and after(blue) measurements in PBS solution. The quality factor slightly degrades after the 

measurements in PBS. 
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capacitance of graphene varactor as indicated in Figure 3-11. However, such capacitance 

is reversible that after the device is removed from electrolytes and cleaned, the device 

performance restores to the status before electrolyte exposure with minimal shift. The 

quality factor was also characterized, showing that the decrease in quality factor caused 

by electrolyte due to its intercalation between graphene and dielectric layer, and the 

increase from the electrolyte removal after the device is cleaned and dried. The residue 

after cleaning leaves a slight degradation in the quality factor from the measurement 

before PBS solution exposure. In general, the isolation layer provides an effective 

protection to the graphene device in the electrolyte exposure that the device performance 

didn’t show obvious degradation from voltage scans in PBS solutions. However, due to 

the electrolyte exposure, the overall device capacitance increases with a decreased 

tuning range and quality factor, validating the FeCl3 graphene transfer process in liquid 

sensing applications. 

Other than the increased capacitance induced by the electrolytes, in the CV 

measurements as shown in Figure 3-12, a strong electromagnetic interference was 

observed on the tunable capacitance of graphene varactor compared to the normal 

tunable capacitance response. To evaluate the interference influence, the CV 

measurements were performed before the valves were utilized as the interference 

elimination setup to isolate the device, and it was found that the interference was 

weakened after the valves were closed. The interference demonstrates the influence on 
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the graphene CV characteristics as shown by the numerical smoothing of plots in the 

figure. It should be noticed that the interference only occurs when the device is measured 

in the electrolytes and disappears after the device is removed from PBS solution and 

characterized in air. By transferring the CV data from time domain to frequency domain 

by inducing the gate voltage scan rate, a sharp interference frequency ~2Hz was 

demonstrated with high mean squared amplitude (MSA) as in Figure 3-12 (b). From the 

signal strength difference on the frequency domain, the valves on tubing successfully 

eliminate the interference as the interference frequency signal strength decreases and 

restore the tunable capacitance in graphene varactor as the low frequency signal strength 

increases. The low frequency signal, of which the amplitude is much higher than the plot 

scale, is attributed to the tunable capacitance over the gate voltage scan. The interference 

Figure 3-12 The interference signal filtering for glucose sensing measurements. (a) The CV 

characteristics of the same graphene varactor measured in PBS with isolation valves open and closed. 

Both forward and reverse scan were demonstrated with numerical smoothing. (b) The frequency domain 

of CV characteristics plotted with amplitude of MSA. Note that the amplitude of the extremely low 

frequency signal is out of plotted scale and attributes to the tunable capacitance of graphene varactor. 

The ~2Hz signal is the electromagnetic interference with the difference between valves open and 

closed. 
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elimination setup demonstrated an intensified tunable capacitance signal of varactor, as 

a necessary process in the following glucose measurement experiments.  

The individual CV characteristics as the sensor response for selected glucose 

concentrations are shown in Figure 3-13. It is clear that the C−V curve was shifted toward 

more negative values by the glucose exposure in electrolytes, essentially counteracting 

the p-type doping effect of the PBA functionalization. Such n-type doping is expected due 

Figure 3-13 The CV response for glucose in PBS solution. (a) The CV characteristics of graphene 

varactors in response of different glucose concentration in PBS solution. Both forward and reverse scan 

were plotted to show the hysteresis and tunability. (b) The selected CV characteristics of varactor 

response at different glucose concentrations after numerical smoothing for the sensitivity analysis. The 

C−V curve was shifted toward negative gate voltages with increasing glucose concentration. The 

capacitance values at Vg = 0 V at each glucose concentration are highlighted by the solid circles. 
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to the near-surface electrostatic negative charge on the boronic acid after binding with 

glucose as discussed in the previous sensing mechanisms. At Vg = 0 V, this negative 

lateral shift results in a decrease in capacitance, and it is at this value that the sensors 

would be expected to operate in the wireless sensing mode.  

In the glucose sensing measurements, CV measurements were conducted in a 

timeline with different glucose sequentially pulsed in to the chamber. During the 

measurements both the capacitance at Vg = 0V (C0V) and the Dirac voltage (VDirac) were 

monitored for different glucose concentrations. It should be noted that for eventual use in 

passive wireless sensors that will be discussed in the following chapters, where the 

varactor is integrated with an inductor to form a resonator whose oscillation frequency 

shifts with glucose concentration, Vg would not be swept. Instead, the device would 

operate at a fixed gate voltage Vg = 0 V, and so the C0V characteristic provides a measure 

of the suitability of the sensors for passive-mode wireless operation. 

Results of sensing measurements are shown in Figures 3-14, which demonstrated 

that the functionalized graphene varactors have a clear and reproducible response toward 

glucose in PBS solutions. As the glucose concentration increases, the Dirac voltage on 

the CV characteristics shifts negatively in lateral direction and reduces the capacitance at 

Vg = 0 V. The response is observed to be reversible as the signal restores when blank 

PBS was pulsed, with increasing responses for increasing glucose concentrations. A small 

degree of drift was observed in the sensing results; however, the drift-induced 

measurement error demonstrated a weaker signal strength than the changes in 
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capacitance induced by glucose in PBS solutions. The relative change in capacitance in 

response to the glucose concentration is shown in Figure 3-14 (c) without compensation 

for drift performed. It can be seen that the capacitance changes in response to the 0, 2.0, 

and 5.0 g/L (0, 200, and 500 mg/dL) glucose concentrations are discernible above the 

experimental error. To investigate the role of PBA surface functionalization, a control 

experiment was performed. On the graphene varactors that were functionalized with 

pyrene only, CV response were retested under the same conditions as those for PBA 

functionalization. Pyrene was selected as the control graphene functionalization due to its 

similarity to graphene while featuring no functional group for specific binding of glucose. 

Figure 3-14 The glucose sensitivity of PBA functionalized graphene varactor. (a) Dirac voltage (black) 

and glucose concentration (blue) vs measurement count. (b) Capacitance at Vg = 0 V (black) and 

glucose concentration (blue) vs measurement count. (c) Relative capacitance change at Vg = 0 V vs 

glucose concentration for graphene varactors functionalized with PBA (red squares) and pyrene only 

(blue circles). 
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Though a slight response to glucose is observed, the signal strength is significantly lower 

(∼3×) compared to the response of devices with PBA functionalization. This remnant 

sensitivity suggests nonspecific adsorption of glucose to the graphene sensor, which is 

expected when the voltage is scanned.  

The measurement drift in the glucose monitoring experiments is supposed to be 

caused by two main effects, both of which can be minimized with process and 

measurement optimization. First of all, some degree of delamination of the isolation layer 

occurred due to repeated testing, as indicated in Figure 3-11 (b) that the device didn’t 

completely restore to the status before measurements in electrolytes. The solution could 

be increasing the temperature utilized in these experiments to cure the SU-8 isolation 

layer and reduce the measurement drift. Second, the gate voltage sweep itself was found 

to induce drift in the CV curves as indicated in Figure 3-15. The gate voltage sweep effect 

Figure 3-15 The drift study for graphene CV characteristics. (a) Plot of Dirac voltage vs. time where the 

gate voltage was cycled scanned between -2 V to +2 V, followed by a 20-minute interval between scans 

where no measurements. The red lines and text show the scan-induced drift rate, while the blue lines 

and text indicate the drift rate in gaps between voltage scans. (b) Same data as in (a), where the Dirac 

voltage is plotted vs. measurement count. The primary source of drift in continuous measurements was 

confirmed to be the voltage sweep due to the monotonic trend on the Dirac voltage drift. 
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on the CV curves was investigated by performing a series of continuous gate voltage 

scans (in the range of ±2 V) that were separated by long delay periods in between. The 

degree of Dirac voltage drift was found to be in proportion to the number of scans 

irrespective of the delay time between scans as shown in Figure 3-15 (b). In the passive 

wireless mode that the devices are operated at Vg = 0 V, such drift induced by voltage 

scan will not exist so that the stability of device can be greatly improved.  

In summary, a glucose sensor that utilizes the quantum capacitance effect as its basis 

of operation was demonstrated with an understanding of the underlying capacitive 

glucose sensing mechanism.176 This result is an important demonstration for the design 

of wireless biomedical and chemical sensors based on graphene quantum capacitance 

effect, of which details of the wireless sensing are provided in the following sections.a 

  

                                                   

a This chapter/section describes the outcome of a collaborative research project carried out by 

Y. Zhang, R. Ma, X. Zhen and advised by Y. C. Kudva, P. Bühlmann, and S. J. Koester. A report on 

this research project has been published in reference [176]. 
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CHAPTER 4: PASSIVE WIRELESS VOC SENSING OF 

GRAPHENE VARACTORS 

In the previous chapter, the capacitive sensing of glucose in PBS solution using 

graphene varactor was demonstrated along with a description of the device fabrication 

and signal processing. However, the wireless sensing scheme was not tested yet in the 

glucose sensing measurements due to the strong influence on the device performance 

from the electrolyte sensing media. To achieve the wireless sensing modulated by the 

graphene varactor, vapor sensing experiments for volatile organic compounds (VOC) 

were performed based on the gas sensitivity of graphene, of which details will be reviewed 

in this chapter. Starting from the metal-oxide-graphene varactor structure similar from the 

glucose sensor, the device was connected to a spiral inductor by a gas sensing system to 

form a resonant circuit. The resonant frequency response, which was extracted from the 

impedance data acquired wirelessly by a reading inductor, will be analyzed in this chapter. 

A sensing model that was built based on the device performance analysis and 

demonstrated the ability to predict the behavior of the wireless sensor. Finally, a 

synchronized capacitive measurement was conducted in parallel with the wireless 

operation and provided detailed insight of the device sensing operation. All the works in 

the VOC sensing experiments and modeling represent a significant step towards practical 

application of wireless sensing based on graphene quantum capacitance devices. 

4.1  Device design and fabrication 

4.1.1  Graphene varactor fabrication 
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The graphene varactor in the vapor sensing experiments used a similar structure to 

the varactor described in the previous chapter for glucose sensing. However, for gas 

sensing, since there is no contact between graphene and charged particles as in the 

electrolytes, no specific isolation layer is necessary on the sensor chip. Instead, due to 

the pushpin configuration of the sensing system that will be described later, an extra pad 

layer was designed with thick metallization to sustain the pressure from the chamber pin 

electrodes while maintaining sufficient contact for minimized resistance.  

As shown schematically in Figure 4-1, the sensor was fabricated on a layer of 

thermally grown SiO2 with ~500-nm thickness for the purpose of device isolation. The 

bottom gate electrodes were fabricated by SiO2 recess etching by combined etching 

Figure 4-1 The design of graphene varactor as VOC sensors. (a) The optical image of the sensor chip 

with dimensions. Based on the design of the gas flow chamber and electrode contact, the sensor chip 

has to be fabricated precisely to fit the gas flow chamber and pin electrode contact. (b) The optical 

image of the graphene varactor device with multi-finger design. (c) The schematic illustration of 

graphene varactor with thick contact pads on Ohmic electrodes. 
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processes and Ti/Pd (10/40 nm) metal deposition by electron-beam evaporation in the 

patterns defined using the photolithography. Then a dielectric layer of HfO2 was deposited 

by atomic-layer deposition (ALD) with a thickness of 8 nm and then annealed at 400 °C. 

After the openings on the dielectric layer were etched for Pd electrode contact, single-

layer graphene was transferred onto the patterned substrate using a wet transfer process. 

To perform the transfer, a layer of PMMA was spin-coated onto graphene grown on a Cu 

foil as the strength support and protection for the graphene during transfer process, 

followed by the backside graphene removal by plasma etch. Then the copper etchant 

ammonium persulfate (APS) was applied to float the PMMA-graphene-copper sample for 

overnight etching exposure. APS was utilized to remove the copper as it leaves less 

PMMA residue than FeCl3, though it was found that overetching using APS could attack 

the graphene leading to reduced active area and reduced capacitance. After copper 

etching, the graphene was rinsed in DI water three times to remove the APS residue and 

was transferred onto the substrate with pre-patterned gate electrodes and HfO2 dielectric 

layer. After the sample was processed by hard baking, an overnight soaking in acetone 

was performed to remove the PMMA before overall solvent clean of the device. The active 

graphene area of the varactors was defined in the mesa process by photolithography and 

O2 plasma etch. Ohmic contacts made of Cr/Au (10/80 nm) were deposited using 

photolithography on graphene. A pad level pattern was finally applied by using a 

metallization layer of Cr/Al/Ti (10/180/10 nm). Unlike the pads contact in the glucose 

sensing device, the pads in the VOC vapor sensor are designed to accommodate a push-
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pin contact design and, as a result, the metallization is much thicker than the Ohmic 

electrode metal. The varactors were arranged in a multi-finger geometry with total active 

area of 4800 μm2 as shown in Figure 4-1 (b). 

Due to the geometry of the gas flow chamber design which will be discussed in the 

following subchapters, the sensor chip had to be precisely controlled by wafer dicing to fit 

the pushpin electrodes. As illustrated in Figure 4-1, each sensor chip features a total of 

10 graphene varactor devices on a chip with a size of 6 mm (L) x 5 mm (W), which ensures 

the sensor chip to be stably located in the chamber while sensor electrodes are aligned 

to the chamber pin electrodes. 

4.1.2  Functionalization for VOC detection 

Being different from the electrostatic doping strategy towards glucose sensitivity in 

electrolytes, due to the intrinsic graphene sensitivity for gas molecules that was discussed 

in the previous chapter, it is not always necessary to perform chemical surface 

functionalization on graphene surface. The adsorption/desorption process of neutral gas 

molecules could cause hole or electron doping on the graphene band structure, which 

finally leads to the sensitive response as reported in numerous graphene gas sensors. 

However, in vapor mixtures with multiple target analytes, the electrical response to the 

individual gas molecules is difficult to recognize using a single sensor, since the different 

response from various gases may compensate with each other and lead to negligible 

electrical signal. As a result, the need of multiple sensors in an array is raised for the 

sensing of vapor mixtures. 
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To create enough differentiation in the electrical response generated from different 

sensing devices, surface functionalization is necessary. The mechanism of creating 

differentiation in sensitivity of various gases by chemical functionalization is to alter the 

affinity of different gas molecules toward the graphene surface. Several approaches could 

be utilized, including using receptors with selective binding abilities or particles with 

different catalytic abilities. In this project, considering the properties of target molecules, 

the differentiation of gas molecule affinity was induced by the surface functionalization 

with different polarity. Such strategy benefits from the reversibility in the sensing process 

compared to the selective binding functionalizations. It is conceivable to determine the 

appropriate graphene surface functionalization by the specific structure of target 

molecules, by employing the difference in molecular structures of organic compounds, 

selective affinities could be realized in sensor array.  

Two surface functionalizations were evaluated on the graphene varactor: 1-

pyrenemethylamine and 1-pyrenecarboxylic acid as shown in Figure 4-2. Both molecules 

contain a pyrene structure that can function as the anchor to the graphene surface by π-

π interaction with sufficient stability and surface coverage.177  On the other hand, the 

amine and acid group both increase the polarity of the aromatic graphene surface.  

Similar to the surface functionalization of the glucose sensor, the vapor sensor 

functionalization process was conducted by adsorption from an ethanol containing 1-

pyrenemethylamine (PMA) or 1-pyrenecarboxylic acid (PCA) with concentration of 1 mM. 

Samples were incubated for 12 hours in the functionalization solution, followed by rinsing 
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with IPA and then DI water to remove the chemical residue. This treatment has been 

shown to provide monolayer coverage of the polar functional group on graphene by self-

assembly process and therefore changes the polarity strength of graphene surface in the 

interaction with different analytes.177 

As illustrated in Figure 4-2, 1-pyrenemethylamine and 1-pyrenecarboxylic acid 

introduce the opposite doping effects to graphene after surface functionalization. On two 

sensor chips which were produced in the same fabrication process, 1-pyrenemethylamine 

behaves as a n-type dopant that the CV characteristics was shifted negatively at a 

significant scale, while 1-pyrenecarboxylic acid behaves as a p-type dopant that the CV 

curve was shifted positively with a Dirac voltage out of the maximum voltage range. One 

point should be noticed that, due to the difference in fabrication yield and process, the 

overall capacitance is not exactly same between devices. However, the doping condition 

of graphene is similar with almost same Dirac voltage between devices.  

Figure 4-2 The surface functionalization of graphene VOC sensors. (a) The doping effect of 1-

pyrenemethylamine(PMA, blue solid line) from pristine graphene device(black dash line). PMA caused 

n-type doping effect on graphene varactors. (b) The doping effect of 1-pyrenecarboxylic acid(PCA, red 

solid line) from pristine graphene device(black dash line). PCA caused p-type doping effect on graphene 

varactors. Note that the results were from different sensor chips of same fabrication. 
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Because 1-pyrenecarboxylic acid caused extremely strong p-type doping such that 

the Dirac voltage is not observable within the voltage scan range, it was not used for the 

subsequent analysis due to the limited device performance information it could provide. 

4.1.3  Integration of sensing resonators 

Figure 4-3 The design of the coupling inductor box. (a) The schematic illustration of inductor coupling 

box with dimensions. The box includes a steel shell for electromagnetic shielding, a sensing inductor 

connected to varactor, a reading inductor connected to impedance analyzer, and a supporting rod to 

maintain stable inductor coupling position. (b) and (c) The actual inductor coupling box with shell closed 

and open to show the inner structure. 
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The wireless sensor is based on the configuration of a graphene resonator circuit, 

which includes a graphene varactor and an inductor. Due to limit of the experiment design, 

the varactor was not monolithically integrated with the varactor on chip. Instead, the 

inductor was connected externally to the varactor as will be shown later. Based on this 

geometry, an inductor coupling box was designed for the sensor integration as shown in 

Figure 4-3.  

The inductor coupling box consisted of a steel box for electromagnetic shielding 

purposes, a sensing inductor connected to the graphene varactor, a reading inductor 

connected to an impedance analyzer, and an insulating supporting rod for the stable 

inductor coupling positioning. The coil of the sensing inductor with 25 turns was stabilized 

on the rod which was fixed on the body of the inductor coupling box. On the lid of box, the 

reading inductor with 4 turns was fixed with a wire stretching out to connect the impedance 

analyzer. The sensing inductor was coupled in a co-axial configuration to the reading 

inductor with slightly larger diameter to ensure a large near-field coupling coefficient. 

When the lid is closed, the sensing inductor is inserted in the reading inductor to be 

coupled, by which the wireless signal transmission is achieved.  



 

83 

 

As indicated in Figure 4-4, the inductance of the reading inductor and sensing 

inductor were characterized in the estimated frequency range of sensor operation. Based 

on the value of the capacitance from graphene varactor and the inductance from the spiral 

inductor, the resonant frequency peak of the integrated sensor could be identified on the 

impedance spectrum read wirelessly from the reading inductor. The resonant frequency 

f0 of the sensing circuit can be expressed as:  

Figure 4-4 The characterization of coupling inductors. (a) The inductance (red) of the spiral inductor 

integrated with the graphene varactor. By utilizing the frequency and inductance, a corresponding 

capacitance (blue) is calculated for the estimation of impedance scan to identify the resonant peak from 

Eqn 4.1, from the value of characterization frequency and inductance. Based on the layout geometry of 

graphene varactors, the lower limit in the capacitance value determines the upper limit of sensor 

resonant peak. (b) The inductance of the reading inductor which will be connected to the impedance 

analyzer for wireless data monitoring. 
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𝑓𝑓0 = 1
2𝜋𝜋√𝐿𝐿𝐶𝐶

                              (4.1) 

where L is the inductance of the spiral inductor integrated with the graphene varactor, C 

is the capacitance of the graphene varactor. The corresponding capacitance can be 

calculated from Eq. 4.1 using the resonant frequency and the inductance in Figure 4-4 (a), 

and is plotted as the blue curve. The minimum zero bias capacitance of the graphene 

varactor used for VOC vapor sensing is estimated to be higher than 30 pF in the case 

when no significant loss of graphene active area occurs during the fabrication. Then the 

maximum value of the resonant peak fmax can be estimated to be ~50 MHz from Figure 4-

4 (a). However, the minimum integrated capacitance cannot be precisely predicated due 

to the parasitic capacitance in the experiment setup, which will be discussed in the next 

subchapter. As a result, a preliminary scan (5 MHz - 50 MHz) with wide impedance range 

was applied on the wireless sensor prior to the gas sensing experiments to locate the 

resonant frequency, after which a narrow width (3 MHz) impedance scan was applied 

centering on the identified resonant frequency. This technique has the advantage of faster 

scan rate and higher data resolution to monitor minimal resonant frequency shift. The 

resonant frequency was determined based upon the frequency at which the reading 

inductor resistance had a peak, in accordance with the protocol established in 

reference.178     

4.2  Experimental setup for gas pulse measurements 

The experimental setup includes two parts: the electrical measurement system and 

gas flow system. The configuration of the electrical measurement system is shown 
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schematically in Figure 4-5. The sensor chip was placed in a custom-built sealed flow 

chamber that allowed a controllable flow of gas mixtures, which could contain up to 3 

different gases, including the carrier gas (N2), with different concentrations (ratios). The 

multi-device chip was probed in the sealed chamber by using a push-pin design as shown 

in Figure 4-6. Two devices on the same sensor chip were characterized simultaneously 

using wired and wireless measurements. For the wireless measurement, the varactor was 

connected to the inductor coupling box, in which the reading inductor was connected to 

Figure 4-5 The measurement setup of VOC sensing experiments. The experiment setup includes a 

wireless sensing measurement based on impedance characteristics read wirelessly, in which the 

resonant frequency on resistance is monitored under different VOC vapor exposures as the sensor 

response; and a synchronized wired sensing measurement of a graphene varactor device on the same 

sensor chip for the CV analysis. 
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the Agilent 4291B impedance analyzer by which both phase and resistance were 

monitored. The resonant frequency of the sensing circuit was determined based upon the 

frequency at which the reading inductor resistance had a peak. For all measurements, the 

frequency sweep to find the resonant peak was performed in a scan window of 3 MHz 

with an AC oscillator voltage of 30 mV. Synchronized with the wireless readout, the 

capacitance of a separate varactor on the same chip was measured directly using an 

Agilent 4282A CV meter for the parallel analysis. In the capacitance-voltage 

Figure 4-6 The experiment setup of the VOC sensing experiments. (a) The details of electrical 

measurement system, which includes synchronized wire CV measurements and wireless impedance 

measurements. The sensor integration is achieved by the inductor coupling box and sealed gas 

chamber with built-in pushpin electrodes probing the varactor device. (b) The details of the gas flow 

system, including the mass flow controllers (MFCs) and the VOC liquid. By injecting the carrier gas with 

controlled flow rate, the gas mixture with VOC vapor is pulsed into the sealed chamber for exposure to 

sensors. (c) The schematic view of the experimental setup with MFC control. 
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measurements, the gate voltage was swept between - 1 V and + 1 V in order to observe 

the full C-V curve. These measurements were performed at a fixed frequency of 500 kHz 

with an AC oscillator voltage of 50 mV.  

Before the sensing experiments, the sensor is baked overnight at 100 °C in vacuum 

to drive out the trapped water vapor. The sensor chip is exposed in the vapor of the VOC 

mixtures pulsed by the flow controller that provide the flow rate control to achieve different 

concentrations. As shown in Figure 4-6 (c), the carrier gas (nitrogen) and target gases (2-

butanone, 1-Octanol or 2-Butanol) were pulsed into the chamber and precisely controlled 

by mass flow controllers (MFCs) where the overall flow rate was kept at a constant value 

of 455 sccm. For each individual VOC mixture pulse, cycling impedance sweeps and CV 

measurements were performed under gas exposures. For all experiments, the wireless 

and wired measurements on two devices with no functionalization were performed for a 

particular sequence of gas flow mixtures, and then repeated on the same two devices 

after functionalization. In this way, device-to-device variations were minimized.  

VOC exposures include the singular VOC pulse of 2-butanone, 1-octanol, and binary 

mixtures of 2-butanone/1-octanol and 2-butanone/2-butanol at different concentrations in 

various mixing ratios. As the major target VOC for the sensing experiment, 2-butanone, 

also known as methyl ethyl ketone (MEK), has been shown to have diagnostic utility for a 

number of disease states, including lung cancer.179 1-octanol will also be measured in 

the VOC mixture due to the fact that octanals and octanols have also been identified as 

common biomarkers in exhaled breath of breast and lung cancer patients.180,181 As a 
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comparison to MEK, 2-butanol, which shares high similarity to MEK in both structure and 

molecular mass, was tested in the controlled analyte group. 

4.3  Wireless sensing of VOC vapor 

4.3.1  Impedance measurement of wireless sensors 

 With the impedance analyzer, both the real and imaginary components were 

collected with the resonant peak in the center region of the frequency scan window. Based 

on the study of resonant frequency peak analysis, the real part of the impedance vs. 

frequency has been shown to provide a more reliable and precise measurement with 

lower uncertainty than the phase-frequency characteristics.178 As a result, all the wireless 

data in the VOC vapor sensing experiments will be based on the analysis of the real part 

of the impedance vs. frequency curve of the reading inductor.  

Figure 4-7 The impedance measurement of the wireless sensor. (a) The plot of impedance (real part) 

vs frequency. After the resonant peak is identified on the impedance spectrum, the high resolution scan 

with small scan window is applied with the resonant frequency in the center region. (b) The parabolic 

fitting (red line) to the impedance characteristics (blue scatter). The precise resonant frequency is 

calculated from fitted impedance plotted and recorded as the sensor response. 
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 As shown in Figure 4-7 (a), after identification of the resonant peak corresponding 

to the graphene varactor function, a high-resolution impedance scan, in 801 individual 

data point over 3 MHz, is performed, where the resonant frequency of the sensor roughly 

located in the center region of frequency scan. To precisely calculate the value of the 

resonant frequency in the impedance scan, a parabolic fitting was performed around the 

maximum impedance point. The fitting length of 301 data points (150 data points before 

and after the maximum impedance point) was determined by the balance between 

including enough data points for precise curve fitting and excluding the data points far 

from the extrema that will affect the fitting accuracy. As illustrated in Figure 4-7 (b), a 

correlation coefficient higher than 0.99 is achieved in the relevant region around the 

maximum value on the impedance scan, validating the fitting approach in the data analysis.  

On the parabolic fitting curve based on the real part of the impedance scan, the 

precise resonant frequency value was extracted and recorded. The resonant frequency 

values plotted versus the measurement count (that functions as a time line with vapor 

pulse control) was then characterized as the sensor response over different VOC 

exposures.   

4.3.2  Frequency response and baseline fitting 

As illustrated in Figure 4-8, a singular analyte gas flow consisting of carrier gas N2 

and vapor of MEK in different volume percentage was pulsed into the sealed chamber, 

and the impedance characteristics were recorded as the timeline measurement 

proceeded to test the device performance. Various MEK concentrations, from 20% volume 
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percentage of saturated VOC vapor in N2, to 1% volume percentage then back to 20% 

volume, were achieved by maintaining the total flow rate constant at 455 sccm and varying 

the VOC saturated vapor flow from 90 sccm to 5 sccm and then back to 90 sccm. The 

individual impedance measurement characteristics for the VOC mixture using MEK shows 

a proportional relation between the VOC concentration and impedance response. As the 

VOC concentration increases, the resonant frequency and the resistance peak value both 

monotonically decreases as the MEK concentration increases from 0% to 20% in the 

volume percentage of saturated MEK vapor in N2.  

After processing the data as in Figure 4-9, a negative frequency shift was observed 

showing the response to the increase of target analyte concentration. In the initial pure 

carrier gas flow, the resonant frequency demonstrates a stable response with slight 

monotonic drift less than 0.2 MHz, which could be set as the baseline of the sensor 

Figure 4-8 The impedance characteristics of graphene sensor under VOC exposure. As the MEK 

volume percentage increases from 0% (red) to 20% (black), the resonant frequency and real part of the 

impedance decreases in a monotonical proportion. 
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response. By the first MEK/N2 flow, the resonant frequency shows ~0.7 MHz instant drop 

from 11.24 MHz to 11.17 MHz toward 20 ppt (parts per thousand) of MEK. Then the pulse 

of pure N2 altered the resonant frequency with an increase to the level of ~11.23 MHz. In 

Figure 4-9 The measurement of resonant frequency as the response to MEK. (a) Plots of resonant 

frequency(red) vs MEK concentration in volume percentage(blue). The VOC exposure decreased 

resonant frequency of the wireless sensor in a linear relation. The baseline drift effect is marked in 

green arrow to show the influence on sensor response (blue and red arrows). (b) A zoom-in plot of 

sensor response. Irreversible baseline drop is marked in blue while the sensor response to MEK is 

marked in red. The sensor responded in 40s to reach 80% of full strength as the resonant frequency 

decrease induced by MEK exposure. 
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general, the VOC exposure decreases the resonant frequency, while the pure N2 

exposure maintains a higher level of resonant frequency in comparison. Such sensor 

response demonstrates a strong relevance to the concentration of MEK in the vapor 

mixture, indicating the potential of using graphene varactor-based wireless sensors for 

VOC detection.  

However, the direct measurement of resonant frequency in the gas flow exposure 

with different MEK concentrations brings challenges in the signal analysis that calls for 

the need of methodology optimization. Firstly, as indicated in Figure 4-9 (b), an irreversible 

baseline drop of > 10 kHz occurs by the initial pulse of MEK flow that the pure N2 

background after VOC exposure did not restore, at least within the time frame of our 

measurement. As a contrast, the following measurement cycles didn’t show such 

irreversible huge drop in the baseline of pure N2 exposure, in which a stable level of blank 

response is maintained. The phenomenon indicates an irreversible process occurs during 

MEK adsorption, and that the initial exposure alters the device status permanently. The 

origin of such irreversible process is not fully determined yet, although it could be related 

to the gaps around the device structure that enable the intercalation of VOC molecules in 

parallel with the reversible surface adsorption before saturation of the device. Such a 

phenomenon has previously been shown to occur for water vapor exposure. To develop 

a VOC sensor with reversibility and reproducibility, such irreversible process has to be 

minimized for the sensor signal analysis. As a result, in the following VOC measurements, 

a pre-saturation of the target VOC was applied for a sufficiently long time to stabilize the 
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sensor response. In the future, such irreversible process could be avoided by the 

optimization of device fabrication to reduce the target molecule intercalation. 

Secondly, besides the irreversible response which we attribute to molecular 

intercalation, the overall baseline drift also affects the accuracy in the direct comparison 

of resonant frequency to concentration. Therefore, the sensor response to the VOC 

exposure includes the frequency shift directly caused by the instant VOC 

adsorption/desorption process, which is the primary sensor response as demonstrated in 

the Figure 4-9 (a), and the frequency shift induced by the slow VOC accumulation, is only 

a small portion of the signal compared to the primary response. As indicated by the green 

arrow, although the primary sensor response shows reversible sensitivity, the overall 

baseline drifts with frequency change as the measurement proceeds. As a consequence, 

the later sensor signal under VOC exposure (red dot and arrow in Figure 4-9 (a)) is higher 

than the earlier signal under N2 exposure due to the baseline drift effect (blue dot and 

arrow in Figure 4-9 (a)), which is the opposite to the device response. The origin of such 

slow drift is attributed to the slow accumulation of VOC molecule adsorption on the 

graphene surface that even under pure carrier gas pulses, VOC molecules were not fully 

depleted from surface and left an altered sensor status from pristine graphene device. 

Such non-zero response without VOC pulses will be discussed in the following chapter.  

To analyze the primary response, the slow shift in frequency signal is removed by the 

baseline fitting program for the isolation of the VOC adsorption/desorption process as 

shown in Figure 4-10 (a). By setting the response under pure N2 exposure as the baseline, 
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the instantaneous signal under VOC exposure was successfully extracted, calibrated and 

smoothed. Although the memory effect is minimized by baseline calibration, it still exists 

and causes some distortion in the sensing data. After the signal data averaging within the 

same VOC pulse, the response of the resonant frequency shift demonstrates a linear 

Figure 4-10 The baseline calibration and sensitivity fitting of sensor response. (a) The baseline fitted 

response of wireless sensor for MEK. By setting signal under pure carrier gas as zero, the primary 

signal of sensor response is extracted, calibrated and smoothed with the solid dot as the averaged shift 

of resonant frequency. (b) Plot of averaged frequency shift vs MEK concentration. A linear fit was applied 

showing the sensitivity towards MEK. Note higher VOC concentration causes higher deviation in the 

sensor signal. 
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relation towards the VOC concentrations with a sensitivity of ~1.93 Hz / ppm for MEK as 

indicated in Figure 4-10 (b), which constitutes the basis for the semi-empirical model of 

future device performance. One point to notice is that the sensor response at higher vapor 

concentrations is affected by the random variance to a higher degree due to the strong 

memory effect at high concentrations.  

Besides MEK, the singular analyte measurements were also conducted for 1-octanol 

under same test sequence of different concentrations. As demonstrated in Figure 4-11, 

the wireless graphene sensor also shows reproducible sensitivity toward 1-octanol vapor 

mixtures. Compared to the MEK vapor pressure of 9.9 kPa, the vapor pressure of 1-

octanol is only 1.06 x 10-2 kPa, which greatly limits the density of 1-octanol molecules in 

the same volume percentage. As a result, the sensitivity of 1-octanol appears lower than 

MEK as in the unit of volume percentage as shown in Figure 4-11 (b). However, due to 

the slow memory effect and device-to-device variations, in order to perform a fair 

Figure 4-11 The sensitivity for 1-octanol after baseline fitting. (a) The baseline fitted response of wireless 

sensor for 1-octanol. Compared to MEK, 1-octanol obviously caused weaker response at same volume 

percentage due to the lower vapor pressure than MEK. (b) Plot of averaged frequency shift vs 1-octanol 

concentration by volume percentage. A linear fit was applied showing the sensitivity towards 1-octanol. 
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comparison of the sensitivities, a binary analyte experiment is necessary for the precise 

analysis of device performance in the complex sensing environment with multiple-VOC to 

evaluate their response simultaneously. 

4.3.3  Experiment design for binary VOC analysis 

The greatest challenge brought by the device memory effect is that, due to the slow 

VOC accumulation on the graphene surface, the working status of the device could be 

altered after long enough measurements from the original status, proved by the baseline 

drift in the pure carrier gas exposure. Before such shift is fully understood and calibrated, 

one critical challenge in signal processing is that the subsequent data is highly affected 

than the prior data, making it hard to compare the results measured at different stages. 

 As a solution, the gas pulsing sequence as in the Figure 4-12 was designed for use 

with binary VOC mixtures. By controlling gas flow rates to achieve different VOC vapor 

Figure 4-12 The design of the experiment for binary VOC sensing. (a) Gas flow rates (MEK and 1-

octanol) vs gas pulse count (timeline). By controlling flow rates, combination of 1-octanol and MEK is 

achieved in different mixing ratios. Note the different phases of red and blue pulses in the gas changing 

trend. (b) Gas flow rate matrix. As indicated by arrow, the response of VOC is measured at different 

constant background of the other VOC. 
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concentrations (from 1 vol% to 20 vol% of saturated VOC vapor in carrier gas) in the gas 

mixture, the flow design has several advantages that will enable improved device 

modeling and analysis, which will be described in the following sections.  

Firstly, such design enables the simultaneous measurements of two VOCs on the 

same time scale without the delay from the sequentially singular VOC measurements. 

Although the slow accumulation process still occurs (which will be discussed in the next 

chapter), the overall increased VOC concentration limits its influence to a minimized 

proportion compared to the overall device response. In addition, the opposite phase of 

individual VOC concentration change (for example, the VOC1 is in an increasing 

concentration sequence when VOC2 is in a decreasing sequence) also compensates the 

accumulation from each other and maintains the response drift at a constant level. 

Secondly, the VOC response under different background VOC concentrations could 

be fully measured by the flow design. As shown in the Figure 4-12 (b), each column and 

row which are marked by the arrow stands for the VOC sensing response at a constant 

background concentration of the other VOC. This provides insight in the VOC interaction 

in the sensing process on the graphene surface. 

Finally, the sensing results can be calibrated in the quantity-per-quantity measures 

from the volume percentage unit to eliminate the difference induced by the vapor pressure 

of VOCs. The pure dimensionless quantities directly describe the sensitivity and selectivity 

over different VOC mixtures and therefore are preferred in the device modeling. 

4.4  Analysis and modeling in sensor performance 
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4.4.1  Sensor response for binary VOC mixture 

The binary mixture of VOCs in different concentrations, including MEK/1-octanol and 

MEK/2-butanol, was pulsed into the gas chamber in an overall increasing sequence with 

pure carrier gas (N2) using the experiment setup described previously. Taking MEK/1-

octanol sensing group as an example, results of the sensing measurements for a bare 

graphene sensor (no surface functionalization) are shown in Figure 4-13 (a), where the 

resonant frequency is recorded and plotted vs. time. The data demonstrate a clear, stable 

and reproducible frequency shift as the concentrations of VOCs (MEK/1-octanol) are 

Figure 4-13 The sensing results of MEK/1-octanol with signal processing. (a) The raw oscillation 

frequency vs timeline. An individual VOC on-off pulse is zoomed in to show the shape of the sensor 

response. (b) The standard deviation of the fitted resonant frequency. The high MEK region shows more 

deviation than the low MEK region. (c) The baseline fitted response of wireless sensor for MEK/1-

octanol. The primary response was extracted by the baseline fitting, while the memory effect is filtered. 

(d) The averaged response under different gas pulses. Note that due to the high vapor pressure of MEK, 

the signal is observed to be dominated by the MEK pulses. 
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periodically changed with different mixing ratios. As observed from the raw oscillation 

frequency shifts in the device response, the sensors display a fast response after each 

gas pulse, though the slow drift in the previous discussion occurs and indicates the 

memory effect of the devices. It should be noted that the standard deviation of the device 

response also increases with increasing concentration of VOCs in the mixture as the 

experiment proceeds. The gas pulses containing higher overall MEK concentration 

demonstrates greater signal deviation, in good agreement with the fact that due to the 

higher vapor pressure of MEK than 1-octanol, a small random variation causes greater 

uncertainty.  

 Considering the limited magnitude of the memory effect in the signal strength 

relative to the primary response, which is controlled by the design of experiments, the 

focus of this research will be on the primary response. A baseline fitting algorithm, which 

is the same as in the singular VOC experiments was applied to isolate the fast-response 

behavior and filter the memory effect. Taking each pure carrier gas pulse as the baseline 

reference, the resonant frequency shift was calibrated and smoothed to extract the 

primary response as shown in Figure 4-13 (c). A summary of the sensing response at 

each gas mixture concentration is shown in Figure 4-13 (c) where the average frequency 

shift and the standard deviation are plotted. A strong quantitative correlation is observed 

in the timeline result that can be attributed to the adsorption/desorption process of VOCs 

on the graphene surface.  
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 The sensor response for MEK/2-butanol analyte group is as shown in Figure 4-14. 

Compared to MEK/1-octanol, the response toward MEK/2-butanol demonstrates strong 

memory effects with baseline drift that the response doesn’t fully restore with exposure to 

the pure carrier gas. Such memory effect could be related to the difference in the 

desorption rate between 1-octanol and 2-butanol. The device response, including the 

memory effects, is highly reproducible as shown in Figure 4-14 that proves the intrinsic 

stability of the graphene sensor in the VOC sensing application.  

4.4.2  Sensitivity dependence on background VOC concentration 

In the cases of MEK/1-octanol as an example, the sensor performance was evaluated 

by analyzing the response for one target VOC at a constant background concentration of 

the other VOC, as shown in Figure 4-15 (a) for 1-octanol and Figure 4-15 (b) for MEK. 

Based on the previous discussion, a linear relationship between resonant frequency shift 

Figure 4-14 The sensing results of MEK/2-butanol with reproducibility. MEK/2-butanol shows stronger 

memory effect than MEK/1-octanol, especially in the 2-butanol increasing region marked by the black 

arrow, that such memory effect even overwhelms the primary sensor response. 
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and VOC concentration was built for both VOCs under fixed background of the other VOC. 

For example, the sensitivities for 1-octanol were defined by the slopes of the linear 

response at each different MEK background level based on the relation illustrated in 

Figure 4-12 (b).  

It is interesting that a dependence on the background concentrations of MEK is 

observed in these various sensitivities for 1-octanol, with a range from 1 ppm to 21 ppm. 

With increasing concentrations of 1-octanol, the slope of the resonant frequency shift 

shows a negative value under low MEK background conditions while a positive value 

Figure 4-15 The binary VOC sensing performance analysis. (a) The resonant frequency shift plotted in 

response of 1-octanol concentrations at different background MEK concentrations. (b) The resonant 

frequency shift plotted in response of concentrations at different background 1-octanol concentrations. 

(c) The target VOC molecule sensitivity vs background concentrations from the single gas flow response 

in (a) and (b). The variance in one VOC sensitivity shows dependence on the existence of the other 

VOC. (d) The intercept data extracted from the single gas response in (a) and (b), which stands for the 

sensor response in pure background gas with no presence of target molecule. 
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under high MEK background. Correspondingly, the device sensitivity to MEK 

concentration from 1073 ppm to 19331 ppm shows a similar phenomenon in that it is 

weakened with increasing background 1-octanol concentration. The background VOC 

dependence of the sensitivity indicates that the multi-VOC sensing process on the 

graphene surface involves a cooperative interaction between the analyte molecules 

instead of individual independent absorption/desorption processes. 

The background VOC dependence on sensitivity can be analyzed quantitatively as 

in Figure 4-15 (c), where a linear model is applied to the relation of sensitivity vs 

background based on the Langmuir absorption kinetics in the limit of relatively low surface 

exposure to absorbed analytes. Besides the background dependence of VOC sensitivity, 

which is the slope of frequency shift response, the intercept of the linear response was 

also summarized in Figure 4-15 (d) showing a dependence on the background VOC 

concentration. The intercept of the linear frequency response stands for the device 

response when only the background gas is present (when the target VOC concentration 

is zero), demonstrating the sensitivity of the device to the individual background gases. 

Such dependence is expected to be linear from the assumption of linear response towards 

individual gases, and then is proved by the intercept summary as Figure 4-15 (d). 

 

4.4.3  Sensor performance modeling 

To quantitatively analyze the data in the cooperative gas sensing process, the sensor 

response to a particular VOC can be expressed as 
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𝑅𝑅T = (𝑆𝑆T ∙ 𝐶𝐶T) + 𝐼𝐼T                              (4.2) 

where RT is the frequency shift in Hz, ST is the sensitivity for the target VOC, CT is the 

target gas concentration, and IT is the correction coefficient that represents the 

background response at CT is zero. As demonstrated in Figures 4-15, the response curves 

of primary frequency were fit from Eq. (4.2), where ST and IT are dependent variables of 

the background concentration, CB, of the other gas as discussed before. 

Then the relation between background gas concentration and sensitivity to the target 

analyte in the binary gas mixture can be written as: 

𝑆𝑆T = (𝐾𝐾T ∙ 𝐶𝐶B) + 𝑓𝑓T                             (4.3) 

where KT is the interaction coefficient, CB is the background VOC concentration in ppm, 

and fT stands for the basic sensitivity in the presence of no VOC background. Finally, a 

semi-empirical cooperative sensing model can be built as: 

𝑅𝑅 = 𝑅𝑅MEK + 𝑅𝑅Oct = (𝐾𝐾VOC ∙ 𝐶𝐶MEK ∙ 𝐶𝐶Oct) + (𝑓𝑓MEK ∙ 𝐶𝐶MEK) + (𝑓𝑓Oct ∙ 𝐶𝐶Oct) + 𝐼𝐼VOC  (4.4) 

where R is the sensor response in Hz, KVOC is the comprehensive interaction coefficient 

in the binary mixture, CMEK and COct are the VOC concentrations respectively in ppm, fMEK 

and fOct are the basic sensitivities (in Hz/ppm), and IVOC stands for the comprehensive 

correction coefficient in Hz. 

All primary response sensing data after baseline calibration were fitted with the model 

and resulted in a high degree of correlation which are listed as below in Table I. Different 

from the volume percentage unit, from the quantitative modeling of the bare graphene 

device, a higher sensitivity in units of Hz/ppm is observed for 1-octanol compared to MEK. 
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This can be attributed to the non-polar alkyl affinity of 1-octanol to the non-polar, bare 

graphene surface. However, counteracted by the low vapor pressure compared to MEK, 

1-octanol shows diminished influence in the sensing experiment at comparable flow rates. 

In the VOC sensing experiments, the increasing VOC concentration in the gas flow 

caused decreasing frequency shift as the sensor response. Therefore, the positive 

interaction coefficient indicates the competition effect for the VOCs in the mixtures that 

such effect decreases the signal strength in the decreasing frequency shift under VOC 

exposure. 

Table I.  Fitting Parameters for Sensor Performance

 

In contrast to the MEK/1-octanol results, the sensor response in MEK/2-butanol 

mixtures showed minimal competition effect after parameter fitting. 2-butanol exhibits a 

basic sensitivity that is of similar order to MEK, though results in a positive sensitivity value 

which means increasing concentration leads to an increasing frequency shift. Comparison 

of sensitivities in the VOC test groups indicates the important role of affinity induced by 

functional groups, that the higher sensitivity of 1-octanol than 2-butanol could possibly 

attribute to the larger alkyl group associated with enhanced surface adsorption on 
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graphene, while the molecules with similar size and polarity result in the sensitivity on the 

similar level. 

To prove the hypothesis on the influence of surface polarity in the sensing process, a 

chemical functionalization of 1-Pyrenemethylamine in 1 mM was applied to change the 

polarity of the graphene surface with the ability to form hydrogen bonding. By π-π 

interactions, the pyrene group anchors the functionalization molecule on the graphene 

surface, while the amine group on the other hand increases the polarity of the graphene 

surface. Thus, a strategically differentiated sensitivity is created with decreased sensitivity 

in 1-octanol, while 2-butanol and MEK should have a similar strength in sensor response. 

For both VOC groups of MEK/1-octanol and MEK/2-butanol, the sensing data after 

graphene functionalization was fitted using the same model. As expected, the sensitivity 

ratio was altered for 1-octanol/MEK by the polar surface functionalization, with a value of 

123.54 on bare graphene device decreased to 47.93 after functionalization. On the other 

hand, the sensitivity ratio for 2-butanol/MEK remains on the same level, from 0.49 on bare 

graphene device to 0.57 on functionalized device, which support the hypothesis on the 

role of polarity induced by the similar alkyl group.  

The consistency in the MEK sensitivity and correction coefficient parameters supports 

the reliability of modeling in evaluating sensor performance. Minor differences in the 

absolute MEK sensitivity parameters were observed after surface functionalization, due 

to the different wireless operating regime on the capacitance response of graphene 

varactors. A detailed discussion will be carried out in the later subchapter of capacitive 
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sensing response on varactor performance. Taking the model of the sensor performance 

on bare and functionalized graphene as a quadratic equation group, the sensing behavior 

can be predicted that ultimately enables a multi-VOC sensing capability. 

 

4.5  Simulation of wireless sensing behavior 

VOCs sensing performance was simulated to test the validity of the model for the 

wireless signal of frequency shift. As shown in Figure 4-16 (a) and (b), based on the flow 

rate input of the MFCs, the device response on both bare and functionalized devices was 

Figure 4-16 Analysis of device modeling in binary VOC sensing. (a) Device performance modeling of 

frequency shift for MEK/1-octanol measurements in both bare and functionalized graphene. (b) Device 

performance modeling of frequency shift for MEK/2-butanol measurements in both bare and 

functionalized graphene. (c) The comparison in sensor response of resonant frequency shift vs 

concentration change (ΔF vs ΔC) between original impedance data (without any data fitting) and 

simulation data. (d) Resonant frequency rebuilt on the ΔF vs ΔC showing that the nonlinear 

characteristics in the baseline. 
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calculated for different analyte groups and then compared to the data acquired in the 

experiment. The high correlation coefficient of device modelling in Table I suggests that a 

precise fitting was achieved and almost all the simulated data falls within the statistical 

error of the averaged signal.  

To validate the sensor modelling in the real sensing application, the frequency 

variance corresponding to the VOC concentration variance (Δf vs ΔC) was built based on 

the sensing behavior model. Figure 4-16 (c) compares the simulated response to the raw 

data in resonant frequency shift without baseline fitting for MEK/1-octanol measurement. 

From comparison it is obvious that the primary instantaneous signal, which constitutes 

the basis of the sensor modeling, contributes the dominant proportion of the entire sensor 

response at a correlation coefficient of 0.989. However, the deviation induced by ignoring 

the accumulated slow response increases as the measurement proceeds, indicating the 

necessity of a revised solution for long term measurement accuracy. After taking the signal 

variance from the long-term memory effect into consideration, the frequency response 

data sets were rebuilt in Figure 4-16 (d), by the simulation based on the model discussed 

before. Compared to the original results, the memory effect error still exists, revealing the 

nonlinear feature of the long-term accumulation of analytes. 

In addition to the prediction in the response of resonant frequency shift, the sensing 

model could be utilized to calculate VOC concentrations in the mixture conversely from 

the frequency shift signal reverse. Although the experiments were conducted on the same 

device before and after functionalization sequentially, instead of a simultaneous 
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measurement on a sensor array, the data sets were incorporated to emulate the array 

results for calculation purpose. In Figure 4-17, the calculated MEK concentrations in both 

measurements of 1-octanol and 2-butanol background were compared to the 

experimental input by the MFCs. The correlation coefficients between calculated 

concentration and experimental input in MEK/1-octanol and MEK/2-butanol are 0.9888 

and 0.9881 respectively for MEK.  

The results of this work show that graphene varactors have the potential of predictive 

wireless sensing in VOC mixtures. By strategically utilizing the differentiated response 

achieved by surface functionalization, a graphene wireless sensor was demonstrated with 

selective gas sensing capability in a mixed-gas environment. Based on the graphene 

quantum capacitance effect, the sensor performance was analyzed and studied using a 

semi-empirical model, which reveals the interactions between gases in the sensing 

process and results in a relative high accuracy to the experimental data. Eventual 

Figure 4-17 MEK concentration calculation based on device performance modeling. Based on the 

model, the MEK concentrations in both MEK/1-octanol and MEK/2-butanol were calculated from the 

resonant frequency shift data and were compared to the input of mass flow controller. 
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application of the wireless sensor will also require integration of on-chip graphene 

varactors and inductors, which will finally make these devices a promising new platform 

technology for the field of multi-gas sensing. 

 

4.6  Parallel capacitance-voltage measurements 

In addition to the wireless sensing experiments, the capacitive sensing performance 

of the graphene varactors was simultaneously measured on a parallel device from the 

Figure 4-18 Analysis of VOC mixtures on capacitance-voltage (C-V) characteristics. (a) C-V 

measurement showing the varactor response towards VOC. Both vertical overall capacitance shift and 

lateral doping shift were observed. (b) The response of capacitance at zero gate bias where resonant 

circuit works, indicating a vertical capacitance shift by gas exposure. (c) The averaged capacitance 

response measured at zero gate bias for different gas mixtures on bare and functionalized graphene 

device. 
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wireless sensor. Similar as the previous measurements, by sweeping the gate voltage 

from -1 V to +1 V, the capacitance was measured showing a tunable characteristic due to 

the quantum capacitance effect. Under the exposure to various VOC molecules, the 

capacitance characteristic was shifted from pure carrier gas condition with an increased 

zero bias capacitance, which modulates the resonant frequency in the wireless sensing 

mode with a VOC concentration dependence.  

Taking the MEK/1-octanol as an example being arranged in the order of VOC flow 

concentration as Figure 4-18 (a), the degree of such shift in the C-V characteristics shows 

a continuous dependence on VOC concentrations, and indicates a n-type doping effect 

caused by the VOC molecule adsorption on graphene. Because the wireless sensor 

operates at the zero-bias capacitance, the 0V capacitance is extracted in Figure 4-18 (b) 

and demonstrates the identical sensing behavior as the wireless sensor. The increased 

0V capacitance under VOC exposure agrees to the negative shift in resonant frequency 

of wireless sensors. A summary of response in capacitance was shown as Figure 4-18 (c) 

by the data averaging and baseline fitting, that the relation of signal strength for bare and 

functionalized devices is consistent as what was observed in the wireless sensing. The 

data clearly demonstrates the sensitivity originated from the graphene varactor that 

modulates resonant frequency of the wireless sensor.  

Besides the 0V capacitance (C0V) shift, lateral shifts of the CV characteristics also 

occur under VOC exposure. To further investigate the CV characteristics response, the 

initial 0V capacitance under pure carrier gas was set as the reference, and the 
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corresponding gate voltage of the same capacitance was monitored in Figure 4-19 (a) for 

the analysis of lateral shift in CV curves. The response of lateral CV characteristics 

movement is consistent with the VOC vapor pulse sequence, which proves the existence 

of the doping effect induced by VOC molecule adsorption. In order to explore the 

improvements in the sensor performance, the capacitance response at different gate 

voltages (other than 0V) was compared in Figure 4-19 (b). In the MEK/1-octanol sensing 

experiments on bare graphene, the capacitance response at 0V is weaker than it at lower 

voltages. Due to the difference in capacitance shift in different regions of the CV curve, 

the capacitive sensitivity towards VOC vapor varies when the device operates at different 

points. This result suggests that the sensing performance of the wireless sensor could be 

optimized if the highly sensitive region is adjusted to be at 0V, which could be achieved 

by the chemical surface doping and/or gate work function engineering.  

Figure 4-19 The VOC monitoring by non-C0V parameters on CV characteristics. (a) The response of gate 

voltage at a fixed capacitance, indicating the lateral capacitance shift which is caused by doping effect. (b) 

Capacitance response extracted at different gate voltages for (MEK/1-octanol), showing the influence of 

operating regime on the sensor response. Besides C0V,the capacitance at other voltages all respond to the 

VOC exposures. 
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One interesting point in the capacitive sensing of VOC based on graphene varactors 

is that, besides the capacitance signal, the shape the of the CV characteristics also 

demonstrates a sensitivity to the VOC adsorption on the graphene surface. This shape-

change could arise due to the adsorption/desorption process altering the degree of 

disorder in graphene, therefore changing the tuning range and minimum capacitance. As 

indicated in Figure 4-20, on the CV characteristic over gate voltage scan from -1 V to +1 

V, the maximum slope on the curve is precisely extracted in the unit of pF / V, and then 

plotted vs. capacitance measurement count. The slope shows strong correlation to the 

gas composition in a similar response as the capacitive signal. In addition, the CV curve 

slope parameter benefits from the low sensitivity from interference, in the appearance of 

less baseline drift. The capacitance response could be affected by various interference, 

including the molecule intercalation in the device structure, the gap variance between 

Figure 4-20 The VOC monitoring by maximum slope on CV characteristics. (a) The parameter extraction of 

maximum slope on CV curves. Green lines were samples of slopes, while black lines are the maximum 

slopes. By VOC exposure, the maximum slope is shifted due to the change in the shape of CV curve . (b) 

The monitoring of VOC response in the maximum slope of CV characteristics. The shift in maximum slope 

demonstrates the capacitance tuning induced by VOC adsorption. 
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graphene and substrate, or the sensing environment. On the contrary, the shape of the 

CV characteristics highly depends on the density of adsorbates or doping strength. The 

application of the CV slope parameter could play a significant role in the characterization 

of graphene varactors in the capacitive sensing of VOCs. However, such response in the 

CV slope needs further investigation in both sensing mechanism and quantification.  

  



 

114 

 

CHAPTER 5: CONCLUSION AND FUTURE WORK 

5.1  Conclusion 

Graphene has been the most widely studied 2D materials in the electronic devices 

for various applications. With the outstanding electronic properties, mechanical properties 

and the doping sensitivity, graphene has shown great promise in the bio-medical sensor 

development. Numerous electronic sensors are investigated aiming for different analytes 

by both academic and industrial efforts, of which the graphene varactor is one unique 

sensing platform featuring the wireless sensing prospective. In this thesis, graphene 

varactor devices with wireless sensing capability are discussed for the biomedical target 

molecules, with the device modeling and sensing mechanism studies. 

Firstly, the fabrication process of a bottom gate structure for a metal-oxide-graphene 

was designed and developed for the sensing operation in high ionic strength electrolytes. 

By employing the multi-finger geometry, the graphene varactors were fabricated with 

enough active graphene area for analyte exposure. The capacitance-voltage 

measurements were performed in the electrolytes of 1X PBS solution. The results show 

that the glucose sensing could be achieved after graphene surface functionalization of 1-

pyrene boronic acid with glucose selectivity. A negative charge doping was observed upon 

the device exposure of glucose in PBS, which shifts the capacitance-voltage 

characteristics in a proportional degree to glucose concentrations. Although interference 

could be picked up by the electrolyte sensing environment, such glucose-induced doping 

effect is confirmed by monitoring the Dirac Voltage on the CV curves after signal filtering. 



 

115 

 

In addition, the capacitance at zero-bias was monitored as the capacitive response to the 

change in glucose concentration, suggesting the operation of wireless sensor based on 

graphene varactor. 

Then the wireless sensing was achieved by the integration of graphene varactor and 

spiral inductor in a gas phase sensing experiment for target VOC vapors. In the singular 

analyte analysis of MEK, the wireless sensor demonstrates a clear and reproducible 

response in the resonant frequency shift. A linear relation between resonant frequency 

shift and MEK concentration was established from 1 vol% to 20 vol%. To minimize the 

influence of analyte accumulation in the device performance, a customized design of 

experiments was employed to investigate the sensing process in the binary VOC 

environment, with MEK/1-octanol and MEK/1-butanol analyte groups. From 5 vol% to 90 

vol% with crossed changing concentrations, the wireless signal shows distinguishable 

sensitivities towards both VOCs in the binary sensing experiments, which could be altered 

by surface functionalization. The synchronized capacitive sensing results demonstrate the 

capacitive modulation in the wireless signal by the graphene varactor. 

Lastly, based on the sensor performance analysis, the device modeling is built with 

sensing behavior predications. The resonant frequency shift in the wireless resonating 

circuit could be calculated from the model by the VOC concentration input, while the VOC 

concentration could be reversely calculated by the resonant frequency shift. The binary 

sensing results before and after functionalization suggest that the sensitivity is related to 

the hydrophobic and hydrophilic interaction between graphene surface and target 
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analytes, which could be altered by the surface functionalization. One significant 

conclusion from the sensing model is that it indicates the interactions between multiple 

VOCs in the sensing experiments, instead of the individual VOC interaction with graphene. 

The cooperative interaction between multiple VOCs should be considered in the sensor 

development for VOC sensing applications. Overall, the sensing results demonstrate that 

graphene varactors are promising candidates for bio-medical sensing applications with 

wireless signal transmission features and the potential to be developed into real-time VOC 

electronic noses.  

5.2  Proposed future work 

5.2.1  Optimization of graphene varactor fabrication 

Although passive wireless sensing based on graphene varactors was demonstrated 

in the previous chapters, the graphene varactor device still needs optimization in the 

fabrication process. Besides the improvement in the graphene surface cleaning process, 

which remains a major challenge in the graphene sensor fabrication, two fabrication 

processes call for the specific efforts to develop the graphene varactor sensing platform. 

The first is the device structure optimization. In the current phase, limited by the 

instruments in the Minnesota Nanofabrication Center, the bottom gate structure is 

achieved by an etching-deposition process, in which the gate electrode is deposited in a 

thickness of recess etching estimation. One critical drawback of such process lays in the 

variation of field oxide etching and the inaccuracy of the recess etching measurements. 

As a result, the problem of unintended gaps in device structure as shown in Figure 5-1 
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has been degrading the sensor performance through the project. Such structural defects 

could cause the trapping of molecules, including both ambient molecules and target 

molecules, and lead to the baseline drop in the wireless sensor. Moreover, the robustness 

and the strength of graphene layer in the varactor are supposed to be diminished by the 

gap at a fragile point where graphene could be easily broken without substrate support 

underneath.  

As a solution, the chemical-mechanical planarization (CMP) could be utilized in the 

varactor fabrication. Based on an etching-deposition-planarization process, the field oxide 

could be leveled with the gate electrode with minimized gaps left in the structure. The 

planar surface enables the uniformity of graphene after transfer process, and therefore is 

supposed to retain enough structural strength. After the optimization of the fabrication 

process with less gaps formed, the molecule intercalation could also be weakened with 

Figure 5-1 The gaps in the device structure due to fabrication defects. The fabrication of bottom gate 

structure is hard to be precisely controlled to be planar without defects, which caused the formation 

of gasp between graphene and dielectric layer. The gaps could lead to the trapping of VOC molecules 

and the fragile point where graphene could possible break due to the lack of substrate support. 
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less irreversible performance drop that the saturation of the device will not be necessary 

before sensing experiments. 

The other optimization is the integration of the graphene varactor and the inductor. 

The wireless sensing in this thesis is achieved by the integration of a graphene varactor 

and a spiral inductor using the connection board. However, for the real sensor application 

the integration has to be simple and reliable. One most promising approach is integration 

with the planar inductor, which could be easily fabricated by the semiconductor 

technologies. As illustrated in Figure 5-2, a planar inductor was integrated with a graphene 

varactor in the preliminary fabrication. The inner end of the planar inductor is connected 

to the Ohmic electrode of graphene varactor, while the outer end is connected to the gate 

electrode under high-κ dielectrics.  

Figure 5-2 The integrated wireless sensor based on graphene varactor. (a) A schematic illustration of the 

integrated wireless sensor, including a graphene varactor and a planar inductor. (b) An integrated sensor 

from the preliminary fabrication. To ensure the device yield, the simple one-finger design was applied 

instead of multi-fingers before further optimization in the fabrication process. 
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The advantage of such design is the fabrication feasibility by the standard process 

techniques to achieve the device integration. The critical drawback is the compromise 

between the parallel capacitance and the quality factor. As the width of the line connecting 

varactor and inductor increases, the series resistance decreases, which leads to a 

resonant circuit with high quality factor. However, the capacitance between the connecting 

line and the inductor level also increases, which increases the overall capacitance, 

reduces the tuning ratio of the graphene varactor, and finally hurts the signal strength in 

variable resonant frequency. Increasing the thickness of the connecting line could be a 

solution, but it will increase the complexity of the device structure. In general, such planer 

design is still a promising approach to the integration of graphene varactor and inductor. 

5.2.2  Improved Modeling of VOC sensors 

One challenge remaining unsolved in the modeling of VOC sensing performance is 

the memory effect in the sensor response, caused by the slow VOC accumulation in the 

sensing experiments. In the previous discussion of device modeling, the primary response 

was extracted after filtering out the memory effect for the convenience of signal analysis. 

The signal processing is appropriate in the basic model study due to the dominant 

proportion of primary response in the signal. As the signal comparison built in MEK/1-

octanol results of Figure 4-16 (c), between the experimental data of Δf and the simulated 

data from the model built on primary response only, over 66% of simulated data show less 

than 20% error from the actual frequency change without filtering the memory effect, 

proving the dominating part of the instant primary response.  
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However, such precision is far from the real application of graphene varactor as a 

VOC sensing platform, which indicates the necessity of an optimized sensing model 

considering both the memory effect and primary response. In the basic model analysis 

discussed in Chapter 4.4, all response is considered to be instant without 0 relaxation 

time to simplify the modeling, and the resonant frequency shift is the function of gas 

concentration as the only variable. On the contrary, the actual response is the function of 

both gas concentration and exposure time, in which gas concentration determines the 

primary response and the exposure time affects the memory effect. 

The memory effect, caused by the slow accumulation and diffusion of VOC molecules, 

could be influenced by various factors including molecule properties and device quality. 

By the comparison between MEK/1-octanol in Figure 4-13 (a) and MEK/2-butanol in 

Figure 4-14, the memory effect demonstrates significant difference that is attributed to the 

different properties between 1-octanol and 2-butanol. In the MEK/1-octanol the memory 

effect is smaller than that in MEK/2-butanol, probably due to the larger molecule size and 

lower vapor pressure of 1-octanol making the intercalation process happen in a relative 

low degree. The gaps in the device structure could also influence the memory effect that 

smaller gaps are supposed to minimize the memory effect from the VOC intercalation.  

To interpret the real-time resonant frequency shift without any signal filtering, the 

resonant frequency could be expressed as:  

𝑅𝑅Total = 𝑓𝑓M(∆𝑡𝑡,𝐶𝐶𝑀𝑀) + 𝑓𝑓P(𝐶𝐶)                     (5.1) 
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where RTotal is the total resonant frequency, t is the exposure time, C and CM is the general 

VOC concentration at the present and previous moment, fM and fP are the resonant 

frequency shift corresponding to the memory effect and primary VOC response 

respectively. The memory induced resonant frequency shift is a function of exposure time 

and VOC concentration, that longer exposure in high concentration VOC will enhance the 

memory effect. However, the primary response is more related to VOC concentration as 

discussed before based on the assumption of 0 relaxation time. As a preliminary fitting 

example, in the MEK/2-butanol measurements where memory effect is obvious, after 

considering the memory effect, an improved fitting results in a correlation coefficient of 

0.942 as demonstrated in Figure 5-3. The device modeling correctly demonstrates the 

Figure 5-3 The optimized device modeling for MEK/2-butanol. A device modeling including both primary 

response and memory effect was built and compared to the experiment data of resonant frequency in 

MEK/2-butanol analyte group. Blue line is the experimental data of resonant frequency response, and red 

line is the simulated data based on improved modeling. The memory effect due to VOC intercalation could 

be appropriately simulated in a quantitative approach. 
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memory effect in the sensing process, which will definitely increase the precision of the 

sensor performance simulation.  

In the real sensing applications, both VOC exposure time (measurement time) t and 

total resonant frequency RTotal could be directly and electrically acquired by the sensor. 

However, with unknown CM to assess the memory effect, the present VOC concentration 

C cannot be precisely calculated. One possible solution is to utilize the accumulation of 

the memory effect. By setting the initial sensor status after zeroization as R0, memory 

effect does not exist (Δt = 0 s), the resonant frequency could be approximated by  

𝑅𝑅0 = 𝑓𝑓M(𝛥𝛥𝑡𝑡,𝐶𝐶𝑀𝑀) + 𝑓𝑓P(𝐶𝐶) ≈ 𝑓𝑓P(𝐶𝐶)                  (5.2) 

The initial C then could be calculated by the basic model, and function as the CM in the 

next data acquisition after the unit measurement gap Δt, assuming the device has been 

exposed under constant CM for Δt when Δt is short enough. Taking the previous VOC 

concentration result to estimate the memory effect, the continuous VOC measurement 

could be approached by 

⎩
⎪⎪
⎨

⎪⎪
⎧

𝑅𝑅0 ≈ 𝑓𝑓P(𝐶𝐶0)

𝑅𝑅1 = 𝑓𝑓M(∆𝑡𝑡,𝐶𝐶0) + 𝑓𝑓P(𝐶𝐶1)

𝑅𝑅2 = 𝑓𝑓M(∆𝑡𝑡,𝐶𝐶1) + 𝑓𝑓P(𝐶𝐶2)

⋯⋯

𝑅𝑅𝑛𝑛 = 𝑓𝑓M(∆𝑡𝑡,𝐶𝐶𝑛𝑛−1) + 𝑓𝑓P(𝐶𝐶𝑛𝑛)

                     (5.3) 

where Rn is the data point of resonant frequency after wireless reading cycle of n. In this 

way, the precise continuous measurement of VOC concentration could be achieved at the 

measurement time interval of Δt. However, the memory effect processing in the device 
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modeling is not the focus of this thesis, and it still needs further investigation and 

development for the VOC sensing simulation. 

5.2.3  Development on sensor array for multi-VOC monitoring 

One of the innovations in the VOC sensing experiment is utilizing the design of 

experiment to demonstrate the simultaneous measurement of multi-VOCs in the gas flow, 

in which the interaction between different analytes on the graphene surface was 

investigated. The sensing methodology in the VOC experiment indicates that, a gas flow 

consisting of N different VOCs could be analyzed by strategically altering the sensing 

performance with different surface functionalization on N different sensors. Starting from 

the sensor performance as system of equations, an analytical model could be built as 

⎩
⎪
⎨

⎪
⎧
𝑅𝑅𝑆𝑆_1 = 𝐹𝐹1(𝐶𝐶1,𝐶𝐶2, … ,𝐶𝐶𝑁𝑁)

𝑅𝑅𝑆𝑆_2 = 𝐹𝐹2(𝐶𝐶1,𝐶𝐶2, … ,𝐶𝐶𝑁𝑁)

⋯⋯

𝑅𝑅𝑆𝑆_𝑁𝑁 = 𝐹𝐹𝑁𝑁(𝐶𝐶1,𝐶𝐶2, … ,𝐶𝐶𝑁𝑁)

                      (5.4) 

where RS_N is the resonant frequency reading from the Nth sensor device with the Nth 

graphene surface functionalization, FN is the device modeling of the Nth sensor device, CN 

is the concentration of the Nth VOC vapor. Then a precise solution exists for the VOC 

concentrations (C1, C2…CN) when RS_N is electrically read, and FN is accurately built 

based on specific graphene surface functionalization.  

Based on the binary VOC sensing experiments, the random variance in single RS_N 

reading could highly affect the results of concentration calculation. So as an improvement, 

the RS_N reading should be an averaged signal for several devices to eliminate such noise 
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as indicated in Figure 5-4. A N=4 sensor array (sensor groups with 4 different surface 

functionalization) is demonstrated for the monitoring of gas flow containing 4 target VOCs. 

After the resonant frequency is averaged from 6 identical devices within the sensor group, 

it is recorded as the real time response under the sensor group index as shown in red. 

Based on 4 different response as (R1, R2, R3, R4) in Eq. 5.4, the solution group (C1, C2, 

C3, C4) theoretically could be calculated at each individual time. The accuracy of the 

measurement depends on various factors. For example, the accuracy will increase as the 

Figure 5-4 The concept of real-time monitoring for multi-VOC vapors. Blue axis is the resonant 

frequency reading, red axis is the sensor number, and black axis is the time scale. In this concept 

illustration, a N=4 sensor array (sensor groups with 4 different surface functionalization) is applied 

for the monitoring of gas flow containing 4 target VOCs. Within each sensor group, resonant 

frequency is averaged among 6 identical devices with same functionalization, and it constitutes the 
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sensor performance differentiation is greater, which calls for the deep understanding of 

surface functionalization’s influence on sensor function as well as the device modeling. 

Also, the degree of resonant peak separation among sensor groups affect the accuracy 

of the solution. Therefore, after the proper design of the sensor array, real-time monitoring 

of target VOCs in human breath based on graphene varactors could be wirelessly and 

precisely achieved.  
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Appendix 

Graphene varactor fabrication process flow 

I. Gate Level 

a. Gate Lithography. 

1. Solvent clean: Acetone, Methanol, IPA, DI H2O, and blow dry. 

2. Dehydration bake at 120 C on hotplate for 1 min. 

3. Spin on s1813 at 4500 RPM for 45 seconds. 

4. Soft bake on hotplate at 105 C for 1 minute. 

5. Align sample (Gate level mask) and expose for 5 seconds. 

6. Bake in Ammonia image reversal oven for the designated time (1.5 hour process). 

7. Flood expose under the Oriel for 4 minutes, rotate 90o, and expose for an additional 

4 minutes. 

8. Develop in 351 developer (351: DI H2O, 1:5) for 3.5 minutes. 

9. O2 clean in STS RIE (recipe: O2clean.set) for 45 seconds. 

10. Recess etches in STS RIE (Typ-Test program for 70 seconds) then dip in BOE for 20 

seconds (SiO2 etch rate in BOE). 

b. Metal Deposition/Lift-off and Gate oxide deposition: 

1. Load sample into e-beam evaporator and deposit: Ti/Pd (10/40 nm). 

2. Lift off metal in Acetone 20 minutes by sonication. 

3. Clean with Methanol, IPA, DI H2O, and N2 blow dry. 

4. Solvent clean: Acetone, Methanol, IPA, DI H2O, and blow dry. 

5. Dehydration bake at 120 C on hotplate for 1 min. 

6. Deposit gate dielectric at the ALD system under desired conditions (250 C), 70-80 

loops which is 7-8 nm roughly. 

7. Thermal annealing of HfO2 in RTA with HFOXANNL.RPD recipe.  

II. Via Level 

 

1. Solvent clean: Acetone, Methanol, IPA, DI H2O, and blow dry. 
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2. Dehydration bake at 120 C on hotplate for 1 min. 

3. Spin on s1813 at 4000 RPM for 30 minutes. 

4. Soft bake on hotplate at 105 C for 1 minute. 

5. Align sample (Via level mask) and expose for 5 seconds. 

6. Bake in Ammonia image reversal oven for the designated time (1.5 hour process). 

7. Flood expose under the Oriel for 4 minutes, rotate 90 o, and expose for an additional 

4 minutes. 

8. Develop in 351 developer (351:DI H2O, 1:5) for 3.5 minutes. 

9. O2 clean in STS RIE (recipe: O2clean.set) for 30 seconds. 

10. Etch in STS for appropriate time (HfO2 etch rate in SF6 - 14.9 nm/min by recipe 

HfO2etch.set) in STS RIE. 

11. Solvent clean: Acetone, Methanol, IPA, DI H2O, and N2 blow dry. 

12. Wafer sawing should be conducted at this step if necessary. 

III. Graphene Transfer 

The following process pertains to the CVD-grown graphene on Cu foil. 

1. Spin on PMMA 495 A4 at 3000 RPM for 1 minute. 

2. Bake at 120 C for 5 minutes. 

3. Etch bottom side in the STS RIE O2 clean for 20 seconds to remove graphene. 

4. Float sample (graphene faced up) on FeCl3:DI H2O (20 mg FeCl3:100 ml DI H2O) 

overnight (at least 4 hours). 

5. Transfer graphene to float on 10% HCl (diluted 30%) diluted for 1 h. 

6. Transfer graphene to float on DI H2O for 10 minutes, for 3 times. 

7. Hotplate bake at 80 C for 30 minutes or until dry. Then bake at 180 C for 30 minutes. 

8. Submerge in Acetone overnight. 

9. Solvent clean: Methanol, IPA, DI H2O, and N2 blow dry. 

IV. Mesa Level:  

a. Mesa Photolithography 

1. Dehydration bake substrate at 120 C for 1 minute on hotplate. 
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2. Spin 1813 at 5000 RPM for 30 seconds. 

3. Soft-bake substrate at 105 C for 1 min. on hotplate. 

4. Align sample (Mesa level mask) and expose for 5 seconds. 

5. Develop in 351 developer (351:DI H2O, 1:5) for 30 seconds. 

b. Mesa Dry Etch 

1. Load sample in STS etcher. 

2. Run the O2clean.set recipe in the STS RIE etcher and etch for 30 seconds. 

3. Remove sample from STS and solvent clean in Acetone, Methanol, IPA, DI H2O, and 

N2 blow dry. 

V. Ohmic Level 

1. Hard bake sample at 120 C for 1 minute on hotplate. 

2. Spin 1813 on the sample at 4500 RPM for 45 seconds. 

3. Soft bake sample at 105 C for 1 minute on hotplate. 

4. Align sample (Ohmic level mask) and expose for 5 seconds. 

5. Load sample on upper shelf in Ammonia oven for image reversal. (90 minutes 

process). 

6. UV flood expose sample for 4 minutes under Oriel, rotate 90 o and flood expose 

again for 4 minutes. 

7. Develop PR for 3.5 minutes in 351 developer (351 developer: DI H2O (1:5)). 

8. Rinse sample in DI H2O and N2 blow dry. 

9. Load into e-beam evaporator and deposit in sequence: Cr/Au (10nm /80 nm). 

10.  Lift-off metal in acetone (1 hour). 

11. Solvent clean: Acetone, Methanol, IPA, DI H2O, and N2 blow dry. 

VI. Pads Level (For glucose sensor) 

a. Pads Lithography 

1.  Solvent clean: Acetone, Methanol, IPA, DI H2O, and blow dry. 

2.  Dehydration bake at 120 C on hotplate for 1 min. 

3.  Spin on S1813 at 3000 RPM for 30 seconds. 
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4.  Soft bake on hotplate at 105 C for 1 minute. 

5.  Align sample (Pads level mask) and expose for 5 seconds. 

6.  Bake in Ammonia image reversal oven for the designated time (1.5 hour process). 

7.  Flood expose under the Oriel for 4 minutes, rotate 90 o, and expose for an 

additional 4 minutes. 

8.  Develop in 351 developer (351:DI H2O, 1:5) for 3.5 minutes. 

9.  O2 clean in STS RIE for 30 seconds. 

10.  Oxide removal etch in BOE for 15 seconds. 

b. Metal Deposition and Lift-off 

1.  Load sample into e-beam evaporator and deposit: Ti/Al (10/300 nm). 

2.  Lift metal in Acetone for 20 minutes. 

3.  Clean with Methanol, IPA, DI H2O, and N2 blow dry. 

VII. Pads Level (For VOC sensor) 

c. Pads Lithography 

11.  Solvent clean: Acetone, Methanol, IPA, DI H2O, and blow dry. 

12.  Dehydration bake at 120 C on hotplate for 1 min. 

13.  Spin on S1813 at 3000 RPM for 30 seconds. 

14.  Soft bake on hotplate at 105 C for 1 minute. 

15.  Align sample (Pads level mask) and expose for 5 seconds. 

16.  Bake in Ammonia image reversal oven for the designated time (1.5 hour process). 

17.  Flood expose under the Oriel for 4 minutes, rotate 90 o, and expose for an 

additional 4 minutes. 

18.  Develop in 351 developer (351:DI H2O, 1:5) for 3.5 minutes. 

d. Metal Deposition and Lift-off 

4.  Load sample into e-beam evaporator and deposit: Cr/Al/Ti (10/180/10 nm). 

5.  Lift metal in Acetone for 20 minutes. 

6.  Clean with Methanol, IPA, DI H2O, and N2 blow dry. 

VIII. Isolation Level (For glucose sensor) 
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1. Solvent clean: Acetone, Methanol, IPA, DI H2O, and blow dry.

2. Dehydration bake at 120 C on hotplate for 1 min.

3. Spin on Su-8 2005 at 4000 RPM for 30 seconds.

4. Pre-bake at 65 C for 30s. Soft bake on hotplate at 95 C for 2 minutes.

5. Align sample (Isolation level mask) and expose for 10 seconds.

6. Pre-bake at 65 C for 1 minute. Post Exposure Bake (PEB) on hotplate at 95 C for 3

minutes.

7. Develop in Su-8 developer for 1.5 minutes.

8. Rinse and Dry When using SU-8 developer, spray and wash the developed image

with fresh solution for approximately 10 seconds, followed by a second spray/wash

with Isopropyl Alcohol (IPA) for another 10 seconds. Air dry with filtered, pressurized

air or nitrogen.

9. Hard bake on hotplate at 180 C for 30 minutes
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